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1.1 Background and objectives 
 Fish releases nitrogenous waste through respiration, excrement, and feed waste. 
Ammonia (NH3), which is one of the wastes is highly toxic and harmful to aquatic 
animals when accumulated in the aquaria (Adlin et al., 2017). Weinstein and Kimmel, 
1998 has reported that prolong exposure to high concentrations of NH3 in the water 
can inhibits fish growth, caused physical impairment, and fatality. Generally, 
conventional methods such as partial water exchange was performed on regular basis 
and sand filter was installed to reduce NH3 toxicity in aquaria. However, conventional 
method use abundant of water, takes time and effort. Sand filter requires large space 
to be installed. Asano et al., 2003 also reported that water is becoming scarce.  
Therefore, an efficient method to maintain water quality in the aquaria is inevitable to 
reduce large consumption of water for aquaria maintenance.  
 
To date, nitrification has been one of the common methods used to reduce NH3 toxicity 
in aquaria. Although NH3 level in the aquaria can be reduced through oxidation of NH3 
to nitrites (NO2-) and nitrates (NO3-), accumulation of NO3- in the water is still 
concerned. This is because freshwater animals were reported sensitive to NO3- 
(Camargo et al., 2005). Consequently, denitrification was proposed. Common methods 
include the use of ion exchange membrane bioreactor to reduce NO3- in aquaria (Matos 
et al., 2009), a denitrification reactor combined with hydrogen generated 
electrochemical cell to remove NO3- in aquaria (Grommen et al., 2006) and application 
of ethanol-packed membrane biofilm reactor for denitrification purpose in seawater 
aquaria (Shoji et al., 2014). These technologies appeared promising to limit water 
usage during aquaria maintenance. However, these systems target exclusively on NO3- 
removal and only minority of the system were tested on freshwater aquaria.  
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To address this matter, a down-flow hanging sponge (DHS) and up-flow sludge 
blanket (USB) system was developed. Due to the presence of nitrification and 
denitrification reactor in this system, it is capable to reduce both NH3 and NO3- in the 
aquaria simultaneously. The DHS-USB system was demonstrated as a nitrogen 
removal system to limit water exchange in on-site freshwater aquaria. This study was 
performed on an aquaria bred with ornamental carps (Cyprinus carpio var. Koi), and 
was influenced by ambient temperature at long-term operation. Over time, 
accumulation of ‘yellow substances’ was observed in the water. Unfortunately, the 
accumulation of ‘yellow substances’ in the aquaria had affected the color of water and 
tarnish the aesthetic beauty of the aquaria despite causing no harm to the fishes. 
Subsequently, ozone (O3) was applied to remove the color in the water. Because O3 is 
also an excellent NO2- removal tool, there were concerns that the use of O3 in this study 
could hinder the performance of biological DHS-USB system. The possibility of O3 to 
hinder the performance of the biological nitrogen removal system by NO3- removal via 
NO2- oxidation was reported by Summerfelt, 2003 and Schroeder et al., 2011. Also, 
16S rRNA gene of microorganisms retained in the sludge from the bioreactors were 
sequenced to identify microbial communities in the reactor. The objectives of this 
study were: 
 
· To examine the suitability of DHS-USB system in removing ammonia nitrogen 
(NH3-N) and nitrate nitrogen (NO3--N) in an on-site freshwater aquarium at ambient 
temperature for long-term operation. 
· To evaluate the performance of DHS-USB system in removing NH3-N and NO3--
N within standard levels for freshwater breeding (NH3-N: 0.1, NO2--N: 0.1 and 
NO3--N: 10 (mg N L-1)).  
· To investigate the efficiency of O3 in reducing ‘yellow substances’ in the aquarium 
water. 
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· To evaluate the Ozone-DHS-USB system in removing nitrogen compounds and 
maintaining color of the water in the aquaria. 
· To observe the behavior of microbial structure in the bioreactors.  
 
The DHS-USB system is expected to be a promising system to diminish struggle 
during aquaria maintenance especially the needs for water exchange on regular basis 
and space issues faced for installing sand filter. The findings from this study is also 
expected to bring tremendous benefit to the fish breeding industry considering that this 
system will allow fish breeding feasible even at water stress region. Moreover, 
identification of microbial structure will enable us to profoundly understand about 
bacteria responsible for nitrification and denitrification in the bioreactors.  
 
1.2 Outlines 
The study presented in this thesis discussed about the application of nitrification-
denitrification reactor consisted of DHS-USB system to maintain water quality in the 
aquaria within safe levels for aquatic animals. The application of DHS-USB system in 
the on-site aquarium removed nitrogenous substances and successfully limits the needs 
for water exchange. However, due to limited water exchange performed during the 
study, color tends to build up in the water resulting to water exchange was still 
performed periodically despite low level of NH3 was detected in the water. To solve 
this issue, O3 was applied to remove the color in the water. The application of DHS-
USB reactor coupled with O3 is expected to have promising potential towards the 
establishment of zero-water exchange system for aquaria at ambient temperature and 
for long-term operation.  
 
Chapter 1 of this thesis explained about the background and objectives of this study. 
Literature review is provided in Chapter 2. Chapter 3 summarized the development of 
down-flow hanging sponge (DHS) and up-flow sludge blanket (USB) system and its 
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application in the on-site freshwater aquaria. Chapter 4 explained about the application 
of O3 to reduce color build up in the aquarium water. Finally, the conclusions and 
findings of this study were concluded in Chapter 5. The framework of this research is 
shown below (Figure 1). 
 
 




Description of the problem, purpose and approaches taken to achieve 
the objectives of this research
Chapter 1
Chapter 2
Literature that is relevant to understand the recirculating aquaria system 
(RAS) and treatment required to maintain its water quality
Chapter 1
Chapter 5
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2.1 Recirculating system in aquaria 
2.1.1 Introduction 
Recirculating system has been gaining its popularity among fish hobbyist and fish 
breeders over these years. One of the reasons is because recirculating system requires 
less water to operate (Verdegem et al., 2006). Generally, only about 10% of the total 
water volume of the tank is replaced per day. The remaining water is recirculated back 
into the system. Previously, conventional method such as regular water exchange used 
to be crucial to reduce NH3 toxicity in the water. The NH3, which is mainly originated 
from feed materials and waste product from fishes is highly toxic and harmful to them. 
Fish which are continuously exposed to high concentration of NH3 was reported to 
have high possibility in having slow growth, physical impairment, and fatality 
(Weinstein and Kimmel, 1998). Therefore, abundant of water was regularly exchanged 
to maintain the water quality in the tank. Contradictorily, a recirculating system can 
remove NH3 and carbon dioxide despite limited water exchange. Also, it increases 
oxygen concentration in the water through aeration which is favorable for fish health.   
 
2.1.2 Process of treatment in recirculating system 
Recirculating system ensure the water quality in the tank is properly maintained 
through a series of treatment processes. At the beginning, the water in the tank will be 
treated for solids. The purpose of removing solids from the water is to reduce bacteria 
growth, oxygen demand, and the rapid growth of disease. Typical solids removal in 
the system involves mechanical filters such as sand filter or particle filter where solids 
were backflushed out of the filter (Chen and Malone, 1991).  Other common methods 
to remove solids are the use of a mechanical drum filter. For the mechanical drum 
filter, water is sprayed by pressurized spray nozzles in a rotating drum screen before 
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being treated and released into drain. Biological filter is used to remove dissolved 
organic material in the form of NH3 and NO2-. Activated carbon is also used to remove 
dissolved organic carbon from the aquarium. However, it is expensive. Therefore, 
activated carbon is commonly applied only when necessary at the final stage of water 
treatment. For extreme fine particles, protein fractionator is commonly used. 
Undeniably, solid removal is important in water treatment. But, regular maintenance 
and stable environmental conditions such as level of oxygen concentration in the water, 
pH, temperature and biosecurity are also necessary to ensure the recirculating system 
can function efficiently. 
 
2.1.3 Advantages of recirculating system 
Recirculating system brings many benefits. It enhanced the prospect of waste 
management, nutrient recycling and pollution control in the water (Piedrahita, 2003, 
Summerfelt et al., 2009, Tal et al., 2009, and Zohar et al., 2005) by reducing the 
amount of wastewater discharge into the environment. Also, it allows flexible location 
to breed fish and alleviate treatment of disease outbreak. Thus, making it an essential 
life support system for fish. The ability to closely monitor and control environmental 
conditions enable maximization of production efficiency. Similarly, independence 
from weather and variable environmental conditions.[1] In addition, United Nation has 
reported that 50% of the world’s population is predicted to face serious water 
insufficiency by 2030. Recirculating system can maintain stable water quality (Roque 
d’Orbcastel et al., 2009a, Martins et al., 2010). Thus, the application of recirculating 
system in aquarium is a competent and responsible way to maintain water quality in 
an aquarium. Also, the increasing growth of world’s population has escalated the needs 
for food. Nutritious human food is fundamental dietary needs for an active and healthy 
life of all human beings. At present, majority of the world's wild fish populations are 
now at or already exceeded the maximum sustained yield. An additional catch of wild 
fish in the ocean and rivers will only cut down the fish availability for next year. 
 8
Moreover, there is concern regarding wild fish which was captured being 
contaminated with mercury and other pollutants. Application of recirculating system 
in in-land fish breeding is seen to be a good approach towards a food secure future too.  
 
2.1.4 Disadvantages of recirculating system 
Unfortunately, there are also concerns regarding the system. Recirculating system are 
technology–biology interaction systems which required careful monitoring of its 
performance (Lekang, 2007, Badiola eta l., 2012). Thus, its operation is not simple. It 
was reported that countless systems had been affected by poor management or designs 
(Badiola et al., 2012).  Originally, recirculating system for aquarium and aquaculture 
were developed due to lack of water availability. Because the system enabled water to 
be recycled, utilization of each components in the system is crucial. This matter has 
led to high capital and operational costs. In order to enable water to be reuse 
continuously, constant pumping of water is required which finally resulted to elevation 
in the electricity costs (Shepherd and Bromage, 1988, Badiola eta l., 2012). Therefore, 
a very careful management is required and continuous development and improvement 
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2.2 Nitrification process in recirculating system 
2.2.1 Introduction 
Nitrification is an important factor in recirculating system for aquarium and 
aquaculture. Generally, the process is achieved by using a specific nitrifying bacterial 
consortium. Nitrosomonas and Nitrobacter are among the prominent nitrifying 
bacteria used in this process. They are capable of utilizing dissolve nitrogenous waste 
products excreted by the aquatic animals into energy.  They also play significant role 
in converting toxic nitrogen metabolites such as converting NH3 into less toxic forms 
like NO2- and NO3-.  
 
2.2.2 Chemical process and microbial ecology 
The process of removing NH3 is called nitrification. It consisted of two-step process. 
First, NH3 is oxidized to NO2-. Then, NO2- will be oxidized to NO3-. This two steps 
reaction are usually performed consecutively but overall kinetics are usually controlled 
by the first step which is the NH3 oxidation. This is because the first step has higher 
kinetic reaction rate than the second step, leading to less detection of NO2- 
accumulation. Equations (1) and (2) showed the basic chemical conversions occurred 
during oxidation process by Nitrosomonas and Nitrobacter. Equation (3) showed the 
overall oxidation reaction (Babadjanova, 2017). 
 
Ammonia oxidation via Nitrosomonas: 2NH4+ + 3O2 → 2NO2− + 4H+ + 2H2O  …. 
(1) 
Nitrite oxidation via Nitrobacter: 2NO2− + O2 → 2NO3−  …. (2) 
Overall: NH4+ + 2O2 → NO3− + 2H+ + H2O  …. (3) 
 
It is known that oxidation of NH3 to NO2- is performed by ammonia oxidizing bacteria 
(AOB) or ammonia oxidizing archaea (AOA), whereas oxidation of NO2- to NO3- is 
performed by nitrite oxidizing bacteria (NOB) (Figure 2). AOB and NOB is sensitive 
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to many environmental factors (Yao and Peng, 2017) but AOB is one of the two 
microbial populations known capable to oxidize ammonium to NO2- (Brown, 2013). 
AOB use NH3 as their energy source and carbon dioxide as their carbon source during 
the first step in nitrification. Some AOB can also use organic carbon as their carbon 
source (Babadjanova, 2017). They share common NH3 oxidation biochemical pathway 
and can only respire under aerobic conditions, despite some groups may be tolerant to 
low oxygen or anoxic environments. The known AOB belong to two lineages, the 
beta-subclass and the gamma-subclass. Nitrosomonas, Nitrosospira, Nitrosolobus, 
and Nitrosovibrio are among the generas known with nitrification abilities which fall 
within the Betaproteobacteria. The genus Nitrosococcus is related to 
Gammaproteobacteria. The Betaproteobacteria-AOB can vary from no salt 
requirement to obligate halophilic, while the Gammaproteobacteria-AOB are obligate 
halophilic. Currently, not much is known about sensitivity of AOA towards 
environmental factors.  However, AOA was reported able to adapt and survive under 
limited NH3 concentrations which AOB failed to grow (Baolan et al., 2012, 
Babadjanova, 2017). In addition, AOA is capable to utilize different NH3 oxidation 
and carbon fixation pathway than AOB.  
 
The second step of nitrification is performed by NOB. NOB utilized the enzyme nitrite 
oxidoreductase to oxidize NO2- to NO3-. There are five phylogenetically distinct 
groups of aerobic NOB. These groups are Nitrobacter, Nitrospina, Nitrococcus, 
Nitrospira, and Nitrotoga. The genus Nitrobacter belong to the Alphaproteobacteria 
and the genera Nitrospina and Nitrococcus belong to the Gammaproteobacteria. On 
the other hand, Nitrospira belongs to the phylum Nitrospirae, which is closely related 
to the Deltaproteobacteria and Candidatus Nitrotoga arctica, known to be cultivated 
from the Siberian Arctic is capable to adapt to betaproteobacterial NOB. Besides, 
researchers have also identified several NOB from the phylum Chloroflexi. 
Nitrobacter species were believed to be one of the NOBs that dominate most 
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environments because these were most frequently detected. However, since the 
molecular methods is developing and becoming advance from time to time, Nitrospira 
were observed to be the dominant NO2- oxidizers in most environment overcoming 
Nitrobacter. Moreover, Nitrospira-like bacteria was reported able to utilize low 
amounts of NO2- and oxygen more effectively than Nitrobacter (Brown, 2013 and 
Babadjanova, 2017). 
 
Generally, Nitrosomonas oligotropha and Nitrospira sp, were commonly detected 
AOB and NOB in aquaculture. Nitrosomonas oligotropha is a dominant AOB in 
systems with low TAN, which favor growth in freshwater (Babadjanova, 2017). 
However, the implementation of culture independent molecular methods has showed 
that Nitrospira sp. were abundantly and significantly detected instead of Nitrobacter. 
This is because, due to its high NO2- affinity, Nitrospira spp. was reported to have 
higher competitive advantage at low NO2- levels under oligotrophic aquaculture 
conditions compared to Nitrobacter (Babadjanova, 2017).  
 
AOB and NOB have been suggested to coexist since both AOB and NOB brings 
mutual benefit to each other. NOB depends greatly on AOB for its preferred electron 
donor and AOB depends on NOB to remove toxic NO2-. Furthermore, the location of 
NOB which is usually distributed at deeper layer (Babadjanova, 2017) compared to 
AOB, strongly support the reason why they need to coexist. The presence of AOB will 
help to reduce oxygen limitations faced by NOB. Due to sufficient oxygen present, 
NO2- oxidation can occur at faster rate than ammonium oxidation despite lower energy 
yield per molecule is produced. Presumably, AOA and heterotrophic ammonium 




Figure 2. The diagram of nitrogen cycle 
Reference: Brown 2013, and Babadjanova, 2017 
 
The maximum safe concentration of unionized NH3 is still unknown, making it quite 
difficult to design target values for NH3 concentration. The European Inland Fishery 
Advisory Commission (EIFAC) of Food and Agriculture Organization of The United 
Nations (FAO) has decided 0.025 mg L-1 of unionized NH3 as the maximum 
concentration safe for fishes. However, the fish tolerance towards NH3 toxicity may 
varies depending on species and life stage. Also, NH3, NO2-, and NO3- are all highly 
soluble in water and the nitrification reaction rates can be immensely dependent on 
numerous environmental factors such as substrate, oxygen concentration, temperature, 
pH, and the presence of toxic substances. An increase in pH or temperature increases 
the proportion of the unionized form of NH3 nitrogen. Unfortunately, the unionized 
NH3 is toxic to fish at even low concentrations. It is advisable to always maintain pH 
of the water within limited range. Besides, NH3 removal capacity of biological filters 
is also reliant to the total surface area available for nitrifying bacteria growth (Ebeling 







































mg N L-1 can changes blood hemoglobin to methemoglobin. Methemoglobin does not 
carry oxygen and can cause death (Babadjanova, 2017). For NO3-, Brown, 2013 has 
reported that continual exposure to NO3- concentrations above 200 mg N L-1 poses 
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2.3 Denitrification process in recirculating system 
2.3.1 Introduction 
NO3- is relatively non-toxic to aquatic organisms compared to NH3 and NO2-. However, 
it tends to accumulate in recirculating systems where nitrifying biofilters are used. 
High concentrations of NO3- in the water can affect fish health (Kamstra and van der 
Heul, 1998, Hyrayama, 1966, Berka et al., 1981 and Muir et al., 1991 and van Rijn et. 
al., 2006). Currently, the highest NO3- concentration reported in recirculating systems 
was at range between 400 to 500 mg NO3- -N L-1 (van Rijn et. al., 2006). In order to 
control NO3- concentration in recirculating system, denitrification system is applied.  
 
2.3.2 Chemical process and microbial ecology 
Denitrification refers to the change in reduction of one or both ionic nitrogen oxides 
(NO2- and NO3-) to gaseous oxides (NO and N2O) and finally to dinitrogen (N2). 
Numerous bacteria were reported capable of using NO3- or oxygen as regulator to 
oxidize organic material. This make it possible for them to change between oxygen 
respiration to nitrogen respiration and vice versa depending on oxygen concentration 
when needed. For biological NO3- reduction, it can be conducted by assimilatory or 
dissimilatory pathways (Table 1). In assimilatory pathway, organisms utilize NO3- as 
their nitrogen source as an alternative to NH3. This process can occur under both 
aerobic and anaerobic condition but net removal of inorganic nitrogen is not obtained 
due to conversion of inorganic nitrogen to organic nitrogen. In dissimilatory pathway, 
NO3- is reduced to more reduced inorganic nitrogen compounds accompanied with 
some energy being released. Generally, dissimilatory is performed by two groups of 
prokaryotic organisms. The first group will reduce NO3- to NO2- or NH3. This process 
is performed by fermentative bacteria which use NO3- as a final electron acceptor when 
reduction of organic matter is impossible (Tiedje, 1990). On the other hand, the second 
group will reduce NO3- through NO2- to gaseous nitrogen forms, producing elemental 
nitrogen (N2) as the final product. This group is mainly consisted of denitrifiers 
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originated from various prokaryotic organisms which use NO3- as a final electron 
acceptor in the absence of oxygen. Although the second group produce elemental 
nitrogen as the final product, there are still concerns of accumulation of NO2-, nitric 
oxide and nitrous oxide under certain conditions. Oxygen play an important role in 
denitrification. Most denitrifiers are also facultative anaerobes. They reduce NO3- 
without the presence of oxygen.  The presence of oxygen even at low concentration 
may led to incomplete reduction of NO3-. Other environmental factors that affect 
denitrification are pH values and high light intensities (Beccari et al., 1983; Thomsen 
et al., 1994; Almeida et al., 1995, Barak et al., 1998). 
 
Table 1. Biological nitrate reduction 
Pathway Process Regulator Organisms 
Assimilatory Nitrate reduction  NH4+ Bacteria, fungi, plants and algae 
 
(NO3- → NO2-→ NH4+) 
    
Dissimilatory Nitrate reduction to 
ammonia  
O2, C/N Anaerobic and facultative 
anaerobic bacteria 
 
(NO3- → NO2- → NH4+) 
 
Denitrification  O2, C/N Facultative anaerobic bacteria 
  (NO3- → NO2- →NO 
→N2O →N2) 
* Reference: van Rijn and Barak, 1998, van Rijn et al., 2006 and Tiedje, 1990 
 
2.3.3 Heterotrophic versus autotrophic denitrification 
Heterotrophic and autotrophic facultative aerobic bacteria are capable of performing 
denitrification (Knowles, 1982). Pseudomonas, Alcaligenes, Paracoccus, and 
Thiobacillus which belong to Proteobacteria and Bacillus which belong to Firmicutes 
are among the heterotrophic bacteria with known capability to perform denitrification 
(van Rijn et. al., 2006). Heterotrophic denitrifiers obtain electrons and protons from 
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organic carbon compounds such as carbohydrates, organic alcohols, amino acids and 
fatty acids and utilize them to reduce NO3- to elemental nitrogen (Babadjanova, 2017). 
An example of acetate (carbon source) utilization for denitrification is stated at 
equation (4): 
 
5CH3COO- + 8NO3- + 3H+→ 10HCO3- + 4N2(g) + 4H2O   …. (4) 
 
The C/N ratio needed for a complete reduction of NO3- to nitrogen gas depends on the 
carbon source and the bacterial species. For most organic carbon sources, a chemical 
oxidation demand (COD)/NO3- - N (w/w) ratio of 3.0-6.0 is required to completely 
reduce NO3- to elemental nitrogen (Montieth et al., 1979, Narcis et al., 1979, Skinde 
and Bhagat, 1982, van Rijn et al., 2006). Shortage of carbon source will lead to 
accumulation of NO2- and nitrogen oxide. However, an excess of carbon source is also 
unfavorable because it will encourage dissimilatory of NO3- reduction to NH3.  In 
addition, intensive nitrification in recirculating systems were reported capable of 
reducing alkalinity of the water, leading to pH decline of the tank water (van Rijn et 
al., 2006). Acidic water does not only affect the performance of the biofilter but it also 
threatens fish life.  Generally, sodium bicarbonate is regularly added to increase 
alkalinity of the water and stabilize pH. Heterotrophic denitrification is known capable 
to increase alkali level (van Rijn, 2006). Application of heterotrophic denitrification is 
significant to eliminate the use of sodium bicarbonate as an alkalinity supplements in 
the recirculating system. As mentioned before, autotrophic microorganisms are also 
capable of performing denitrification (Timmons and Ebeling, 2010). These 
microorganisms normally utilize reduced inorganic sulfur, iron compounds or 
hydrogen as their electron donor to perform denitrification. Not many studies have 
been done to demonstrate the processes, but it is known that autotrophic denitrification 
offers low biomass buildup which led to less reactor clogging and prevent 
contamination of treated water due to the absence of organic carbon. 
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2.3.4 Studies on denitrification in recirculating system for freshwater  
Application of denitrification reactor in recirculation system for freshwater and marine 
water has been widely studied. A study on denitrification in freshwater recirculating 
systems were first proposed by Meske (1976) in Germany (van Rijn et al., 2006). The 
study demonstrated an application of an activated sludge tank in a recirculating tank 
system bred with common carp (Cyprinus carpio). Subsequently, similar studies were 
conducted by a number of researchers using various freshwater fish from time to time 
(Table 2). The purpose of these studies was to investigate on the performance 
efficiency of the reactors when facilitated with external carbon source and without the 
addition of carbon source. In addition, denitrification on endogenous carbon sources 
were also studied (Arbiv and van Rijn, 1995; van Rijn and Barak, 1998; Shnel et al., 
2002). These studies were mainly performed to confirm the feasibility of using 
endogenous fermentation generated carbon sources for denitrification in recirculating 
system. Studies on denitrification in recirculating systems have been increasing from 
time to time. However, many of the studies has been conducted in experimental scale. 
More information on the feasibility of denitrifying reactors in full scale systems is 
necessary to confirm its performance and support its implementation in public 
aquariums and aquaculture field. Nonetheless, denitrification with the addition of 
external carbon source has validate that a closed operation of freshwater and marine 
recirculating systems is possible. This finding also led to commercial breeding of 
freshwater and marine species away from the sea and at water scarce region attainable. 
Overall, denitrification in recirculating systems seems to have a promising future 
despite more significant incentives and rapid information transfer on recent 





Table 2. Studies using denitrification reactor for freshwater recirculating systems 
Denitrifying reactor Cultured fish Carbon source References 
Activated sludge Carp Endogenous Meske (1976) 
Activated sludge Tilapia, eel Glucose, 
Methanol 
Otte and Rosenthal 
(1979) 
Activated sludge Trout Hydrolyzed corn 
starch 
Kaiser and Schmitz 
(1988) 
Activated sludge Eel Endogenous Knosche (1994) 
Packed bed reactor Eel Methanol Suzuki et al. (2003) 
Polymers Ornamental 
carp 






Boley et al. (2000) 
Digestion basin with fluidized 
bed reactor 
Tilapia Endogenous van Rijn nad Rivera 
(1990) 
   
Arbiv and van Rijn 
(1995) 
   
Shnel et al. (2002) 




Adlin et al. 2018 
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2.4 Color removal method 
2.4.1 Introduction 
Color build up in aquarium water due to the accumulation of ‘yellow substances’ from 
time to time. Color possess no risk to aquatic animals. But, the problem of color in the 
aquarium is it tainted the aesthetic beauty of the aquarium. The ‘yellow substances’ is 
most probably originated from dissolved organic compounds originated from fish waste, 
uneaten food that has decayed, decaying plant parts. Despite color being not harmful to 
fish, the accumulation of dissolved organic compounds still has potential to alter water 
chemistry in the aquarium which may impact the health of fish. Also, the ‘yellow 
substances’ forms cloudy water over time. Cloudy water is capable of reducing fish 
visibility in the aquarium.  
 
2.4.2 Methods to remove color 
To date, there are various applicable methods to remove color in water (Figure 3). The 
method of removing color could differ in different types of water. Table 3 shows the 
method of treatment applicable to remove color in wastewater within pH range 6-8. 
Although the wastewater source discussed by Collivignarelli et al., 2019 in Table 3 
were mostly from textile or textile/dyes origin, the methods were universal and is still 
eligible to consider when deciding a suitable method of treatment for aquarium water.  
Nevertheless, the treatment’s impact on fish health should be prioritized when deciding 




Figure 3. Method for color removal 
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7 144 83 Ajaz et al. (2018) 
7-10 48-72 80-100 Meerbergen et al. (2018) 
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6.5 3 COD <100 Saratale et al. (2009) 
8 - 95 Pearce et al. (2003) 
Fungal treatment 8 24 89-98 Blánquez et al. (2018) 
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Coagulation/Flocculation 
8-9 65 75-76 Sun et al. (2017)  
6-8 77 99 Mane and Babu (2011) 
 
Adsorption 6.5-7 - 80-90 Purkait et al. (2007)  
Filtration 7.5-9.5 - 90 Erkanlı et al. (2017)  
Conventional chemical oxidation   
O3 
9 - 90 Azbar et al. (2004)  
6-10 40 >80 Karami et al. (2016)  
7-13 30 98-100 Erol and Özbelge (2008) 
 
8.5 6 >99 Khadhraoui et al. (2009) 
 
7.5 60 98 Ledakowicz et al. 
(2001) 
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O3/ UV 
 
7-8.5 2520 TOC= 75 Wang et al. (2009) 
 
- 60 >75 Bessegato et al. (2018) 
 
- - 99 Takashina et al. (2018) 
 
- 4-11 >95 Shu and Chang (2005b) 
 
9 - 93 Azbar et al. (2004)  
O3/H2O2/UV 
5-9 10 75-98 Silva et al. (2009)  
6.5 160 93-99 Shu and Chang (2005c) 
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6.5 20 100 Holkar et al. (2016)  
6.5-7 60 99 Neamtu et al. (2002)  
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Wet Air Oxidation 
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Rodríguez et al. 
(2009) 
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Catalytic Wet Air Oxidation 6.6 181 100  
Electrochemical     




7-9 21 >92  
7-10 60-120 90-95 
Alinsafi et al. (2005) 
 
7-10 60-120 98-99  
Reference: Collivignarelli et al., 2019 
 
     
 
Application of O3 seemed attractive to remove color in aquarium bred with living 
aquatic animals. O3 can efficiently removes suspended solids. Therefore, O3 is capable 
of effectively reduce the color and turbidity. Also, it does not affect the pH of the water 
which make it less likely to affect their life. Instead, O3 benefit them by disinfecting 
and removing viruses from the water. In addition, the chemistry of ozone in freshwater 
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2.5 Application of ozone in recirculating systems 
2.5.1 Introduction 
Water reuse in recirculating system enables fish breeding at water scarce region using 
limited water resource possible. It also allows more control over environment. To 
ensure recycling and reusing the majority of the water possible, it is necessary to 
remove both dissolved and particulate matter in the water. Application of O3 does not 
only remove color in the water, but also capable of maintaining water quality. O3 is an 
effective oxidizing agent with great beneficial uses (Rosenthal 1981; Hochheimer and 
Wheaton 1995, Summerfelt and Hochheimer, 1997). It has the ability to oxidize NO2- 
and organic wastes especially color, reduce pathogens, and capable of enhancing the 
effectiveness of other water treatment units. Unfortunately, application of O3 may also 
be unfavorable to some breeders due to its high capital equipment, operating costs and 
potential to pose health effect to human and aquatic animals (JMM, 1990, Bablon et. 
al., 1991) 
 
2.5.2 Physical properties 
Ozone, being a metastable molecule of oxygen, has three atoms instead of two. O3 is 
produced by the reaction initiated by a high energy field (Bablon et al. 1991). The 
reaction is shown below, equation (5): 
 
O + O2 → O3   …. (5) 
 
This reaction is highly reactive and unstable. The half-life of O3 in the atmosphere was 
about 12 hours (Rice et al. 1981). Bablon et al. 1991 has reported the heat generated 
during compression may destroy any O3 present. Therefore, O3 has to be generated on 
site since storing it is challenging. Besides, O3 gas concentrations of 70% or greater 
also has potential to explode. A report on O3 explosion was reported by (Kinman 1972). 
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Surprisingly, the explosion which was due to separation when liquid oxygen 
containing dissolved O3 evaporates, occurred at O3 concentrations as low as 30%.  
 
2.5.3 Ozone generation  
There are many ways to generate ozone. This include cheminuclear sources, corona 
discharge, electrolytic processes, and the use of ultraviolet light with wavelengths 
below 200 nm (Bablon et al. 1991). Generally, the most common ways to generate 
large quantities of O3 is by corona discharge (Bablon et al. 1991). In this method, a 
portion of diatomic oxygen molecules from the dried air or gaseous oxygen O3 is 
excited to create triatomic molecules when transferred through energy field (Rosenthal 
1981; Bablon et al. 1991). Although both air and pure oxygen can be used as feed gas 
in the generator, the use of air as the feed gas even at similar concentrations with 
purified oxygen needed two to three times more energy to produce O3 compared to 
purified oxygen (Bablon et al. 1991). The output concentration is also higher when 
using pure oxygen. This is because pure oxygen contains about 77% more oxygen per 
unit volume than air (Masschelein 1982). In term of price, corona discharge generator 
is costly.  Ultraviolet light generator is less expensive compared to corona discharge 
generator. However, the energy required per unit of O3 generated by corona discharge 
generator is about 30 times less compared to ultraviolet light generator, reducing the 
burden of operation cost of using ultraviolet light generator. Nonetheless, the 
efficiency of O3 generation could varies depending on the concentration of oxygen in 
the feed gas and the percentage of O3 produced. It was reported that 10 kWh of 
electricity is required to produce 1 kg O3 at a concentration of 4-6% in an oxygen feed 
gas (Carlins and Clark 1982).  
 
2.5.4 Dissolved organic compounds removal 
Generally, application of O3 is introduced in a recirculating system to reduce the 
presence of dissolved organic compounds in the water. These compounds which is 
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mainly originated from humic substances often tainted the color of water and cause 
the water in the tank to turn yellow or brownish. Color is inert to aquatic animals, but 
there were concerns regarding accumulation of dissolved organic compounds could 
reduce fish growth rates and nitrification efficiencies. (Hirayama et al. 1988, Easter 
1992). O3 has high capability to reduce the accumulation of Total Suspended Solids 
(TSS) and Chemical Oxygen Demand (COD) within recirculating systems. The 
reduction is possible because ozonation induced micro-flocculation and precipitation 
of dissolved organic compounds (Summerfelt et al. 1996). The first order reaction rates 
of oxidation of organic substrates (M) with O3 was described at equation (6) (Bablon, 
1991). Additionally, oxidation potential of M must be high to ensure degradation 
occurs. 
 
d [M] / dt = k [O3] [M]   …. (6) 
 
2.5.5 Ammonia removal 
Other than reduction of dissolved organic compounds, O3 is also capable of reducing 
NH3 within recirculating systems. O3 can directly oxidize NH3 to NO3- as equation (7) 
below: 
 
4 O3 + NH3 → NO3- + 4 O2 + H3O+   …. (7) 
 
However, the reaction rate constants for this process should be at pH levels above 9.3. 
Richard and Brener 1984, Bablon et al. 1991 reported that oxidation of NH3 to NO3- is 
intensely slow at pH levels below 9.3. The required condition often hinders NH3 
oxidation in recirculating systems bred with living fish. This is because pH level of 
the water should also be set in consideration of the fish health and survivability.  
Even so, O3 addition may still assist in improving NH3 removal within the biofilter. 
The presence of O3 can aid the performance of autotrophic bacteria such as 
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Nitrosomonas sp. Nitrobacter sp which are responsible for the nitrification process. 
On the other hand, oxidization of organic molecules via O3 make it be more readily 
assimilated by heterotrophic microorganisms. Thus, increasing the efficiency of 
biological nitrification system. Improvement in nitrification efficiency after the 
addition of O3 in recirculating systems was reported by Sutterlin et al. (1984) and Paller 
and Lewis (1988). Unlike NH3 oxidation, the reaction rates of NO2- oxidation to NO3- 
occur readily in the presence of ozone. The reaction is showed as equation (8) below: 
 
NO2- +  O3 → NO3- + O2   …. (8) 
 
2.5.6 Nitrite removal 
O3 oxidizes NO2- to NO3- at a stoichiometric reaction rate constant of 3.3 - 3.7 x 105 
M-1 s-1. It is highly pH independent and promote NO2- reduction in recirculating 
systems compared to systems that do not receive ozone, making the addition of O3 an 
advantage to recirculating systems (Rosenthal 1981, Sutterlin et al. 1984, Rosenthal 
and Kruner 1985, Paller and Lewis 1988, Bablon et al. 1991, Summerfelt et al. 1996). 
With the addition of ozonation in the system, accumulation of NO2- can be avoided 
whenever biological nitrification in the biofilter became unsuccessful. However, on 
the negative side, ozonation may also lessen the quantity of nitrifying bacteria in the 
biofilter over a long period through regular ozonation which reduces the NO2- 
concentration going to the biofilter. Hence, reducing the total NO2- removal capacity 
of the biofilter.  
 
2.5.7 Disinfection 
Disinfection is also one of the beneficial adaptations of O3 in a recirculating system. 
O3 can reduce microbial pathogens in recirculating systems by reacting with by-
product radicals and substances based on oxidation potential and stoichiometric 
amounts of the substrates. Generally, complete bacterial reduction is less necessary for 
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aquarium with a display purpose but may be essential when treating water bred with 
living fish for human consumption.  
 
2.5.8 Toxicity 
Toxicity of O3 to fish and human health has also been widely discussed. O3 is highly 
toxic to aquatic animals even at low levels. Besides, it can bring adverse effect to 
humans as well. Summerfelt and Hochheimer, 1997 reported the minimum 
concentration of O3 that could lead to fatality in fish was at approximately 0.01 mg L-
1. Nevertheless, the actual concentration may varies depending on species and life 
stage of the fish (Table 4).  Prolong exposure to O3 in air can be hazardous to human. 
This is because O3 can attack respiratory tract and causes inflammation and pulmonary 
edema accompanied by capillary hemorrhage. Also, Carmichael et. al., 1982 reported 
it can diffuse into the bloodstream and attack blood cells and serum proteins. 
Occupational Safety and Health Administrator (OSHA) has establish a standard to 
allow continuous exposure level of maximum 0.1 mg L-1 for an 8-h work period and a 
maximum single exposure level of 0.3 mg L-1 for less than 10 min duration. 
 
Table 4. Toxicity of dissolved ozone to fish 
Species 
Ozone conc.  
Effect References 
(mg L-1) 
Rainbow trout  0.0093 96-h LC50 Wedemeyer et al., 
1979 
(Oncorhynchus mykiss)       
Rainbow trout 0.01-0.06 Lethal Roselund, 1975 
Bluegill 0.06 24-h LC50 Paller and 
Heidenger, 1979 




(Leponis machrochirus)       
Fathead minnow  0.2-0.3 Lethal Arthur and Mount, 
1975 
(Pimephales promelas)       
White perch 0.4 24-h LC50 Richardson et al., 
1983 
 (Morone americana)       
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Striped bass (larvae) 0.08 96-h LC50 Hall et al., 1981 
        
Reference: Summerfelt and Hochheimer, 1997 
 
2.5.9 Optimal condition for treating water in recirculating system  
O3 can be an aid to the recirculating system, but it can also cause a catastrophe if not 
operated accordingly. Optimal condition of O3 for various application of O3 in 
recirculating system were summarized below (Table 4). Breeders are recommended 
to determine clear and specific goals before implementing O3 in the recirculating 
system to avoid any unpleasant incident.  
 
Table 4. Optimal condition of O3 for various application of O3 in recirculating system 
Parameters Range References 
pH 8 - 9 Summerfelt and Hochheimer, 1997 
Alkalinity Low Summerfelt and Hochheimer, 1997 
Water quality (kg-O3 kg-feed-1) 0.025 - 
0.045 
Langlais et al., 1991 
Disinfectant (mg L-1) 0.1 - 1.0 Summerfelt and Hochheimer, 1997 
Lethality (mg L-1) 0.01 Summerfelt and Hochheimer, 1997 
ORP (mV) ** 300 Bullock et al., 1997 
Summerfelt and Hochheimer, 1997 
Exposure time 8h (mg O3 h-1) 0.05 - 0.1 OSHA***,  
Summerfelt and Hochheimer, 1997 
Exposure time 10 min (mg O3 h-1) 0.3 OSHA***  
Summerfelt and Hochheimer, 1997 
**   Oxidation-Reduction Potential (ORP) 
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2.6 The Ozone-DHS-USB system  
2.6.1 Introduction 
The Ozone-Down-flow Hanging Sponge (DHS)-Up-flow Sludge Blanket (USB) 
system, known as the ozone-DHS-USB system is a proposed system with potential to 
eliminate water exchange necessity in a recirculating aquarium. Consisted of 
biological and chemical system, the system is expected to maintain a suitable water 
condition to rear fish in a recirculating aquarium system and its aesthetic beauty.  
 
The biological system consisted of DHS and USB bioreactor. The DHS-USB system 
is capable of carrying nitrification and denitrification simultaneously. The DHS reactor, 
which is designed responsible for nitrification process, converts toxic NH3 in the water 
into NO2- and NO3-. The conversion was carried out by nitrifying bacteria which were 
bred in the media, a third-generation (G3) sponge carrier with 33 mm x 33 mm x 33mm 
in size. On the other hand, the USB reactor is designed for denitrification process. The 
USB reactor which consisted of sludge inhabited by denitrifying bacteria converts 
NO3- into N2 gas from time to time. Compared to NH3, NO3- is less harmful to fish. 
However, the conversion of NO3- into N2 gas is still important to prevent the 
accumulation of NO3- in the water. The operation of the DHS-USB system is simple. 
Water from the aquarium which contained NH3 originated from fish respiration, waste 
product and feeding material was allowed to over-flowed into the DHS reactor where 
the nitrifying bacteria converts it into NO2- and NO3-. Subsequently, DHS effluent is 
allowed to flow into the USB reactor from the bottom where it mixes with sludge that 
resides at the bottom of the reactor. As the water rises, denitrifying bacteria which 
inhabit in the sludge consume NO3- and release N2 gas. N2 gas is released into the air 
and effluent is recirculated into the aquarium. Due to its simple operation, the 
combination of DHS-USB system has become an interesting alternative to treat water 
in a recirculated marine and freshwater aquarium. This is because despite capable of 
performing nitrification and denitrification simultaneously, the DHS-USB system also 
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has high removal performance and requires less maintenance. The application of DHS-
USB system in a recirculated aquarium eliminates backwashing. Thus, reducing effort 
and water usage during aquarium maintenance. Also, the system is simple. DHS 
sponge and USB sludge doesn't require regular replacement, making the DHS-USB 
system easy to maintain. However, the USB reactor needs delicate management. The 
reactor should be maintained in anoxic condition and addition of carbon source is 
required to facilitate denitrification in the USB reactor. Failure in maintaining the 
reactor in anoxic condition can negatively affect its removal performance. The DHS-
USB system can be constructed in compact size with flexible design. Unfortunately, 
pre-treatment is required. Pre-treatment is necessary to breed nitrifying and 
denitrifying bacteria in the media.  Additionally, the DHS-USB system also consume 
less energy than other technologies. Energy consumption can be reduced because 
pump for aeration is unnecessary. The advantages and disadvantages of DHS-USB 
system is summarized below (Table 5).  
 
Previously, our research group has operated the DHS reactor in marine aquaria for 83 
days to demonstrate potential nitrification ability of DHS reactor (Furukawa et al., 
2016). However, no studies had been done in freshwater aquaria. A longer operational 
period was also needed to examine the stability of the system. In addition, the influence 
of temperature on the performance of DHS reactor was concerned due to the possibility 
that temperature can affect microbial community in the bioreactors. Therefore, a study 
to prove the suitability and efficiency of DHS-USB system for practical use in real 
world is necessary.  
   
Table 5. Advantages and disadvantages of DHS-USB system  
  Advantages Disadvantages 
Construction Compact size Pre-treatment is required 
Flexible design 
Operation Simple process 
High removal efficiency 
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Less maintenance Carbon source is required to 
facilitate denitrification in 
USB reactor 
Aeration is not required 
Applicable to marine and 
freshwater water 
Energy consumption Moderate     
  
Reference: Nurmiyanto and Ohashi, 2019 
 
The O3 was introduced as a post treatment application for the DHS-USB system.  The 
DHS-USB system is excellent in maintaining NH3, NO2- and NO3- in the water through 
nitrification and denitrification process. It provides a suitable environment for fish to 
live. However, it is incapable of preventing ‘yellow substances’ from tainting the water 
in the aquarium. O3 is applied in the system to maintain the aesthetic beauty by 
removing ‘yellow substances’ which led to the change in color of the aquarium water. 
Currently, O3 has been known to be excellent in inhibiting the accumulation of non-
biodegradable organics in the aquaria (Otte et al., 1977; Colberg and Lingg, 1978; Otte 
and Rosenthal, 1979; Schroeder et al., 2011). Furthermore, it is widely available, 
simple to operate and has flexible size and design.  
 
2.6.2 The difference between current technology and ozone-DHS-USB system 
The combination of O3 and DHS-USB system is expected to be a new method to 
eliminate water exchange necessity for aquarium. Compared to other method, the 
ozone-DHS-USB is capable of reducing NH3 and NO3- toxicity to aquatic animals and 
maintaining clear water in the aquarium simultaneously. It also has simple operation. 
In addition, both DHS and USB reactors can be made in compact size. On the other 
hand, plenty of small-scale electrical ozone generator is available in the market. Thus, 
the combination of O3 and DHS-USB system eliminated the space issues often faced 
when using other technologies such as foam fractionators and sand filters. Also, the 
sponges in DHS reactor doesn't need backwashing, reducing substantial amount of 
water used for aquarium maintenance. The application of ozone-DHS-USB system is 
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believed to be a practical and responsible method to maintain water quality in an 
aquarium, considering it reduced space and substantial amount of water used due to 
regular water exchange. The system eliminated the necessity for water exchange on a 
regular basis and has high potential for application as a zero-water exchange system 
for aquaria at ambient temperatures and for long-term operation. Ozone-DHS-USB 
system is predicted to bring immense benefits to the fish breeding industry since it is 
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Development of a nitrogen removal system to limit water exchange 
for recirculating freshwater aquaria using DHS-USB reactor 
 
3.1 Introduction 
 Fish produce NH3 through respiration and excrement daily. Constant exposure to high 
concentrations of NH3 is extremely harmful to fish in the aquarium and can resulted 
to physical impairment, growth inhibition, and fatality (Weinstein and Kimmel, 1998). 
A study by Xu et al., 1994 has reported that the lethal concentration 50-96 h value for 
common carp at 20ºC is reported at 0.44 mg NH3 L-1. To maintain a safe environment 
for fish in the aquarium, commonly, about 10–20% of water from the total tank 
capacity will be regularly exchange and sand filter is used. These conventional 
methods had certainly reduced toxic effects of NH3 in the tank, however, they are 
becoming inefficient. Regular water exchange used substantial amount of water and 
can stress the fish. Additionally, filtration methods also use abundant amount of water 
during backwashing to clear clogged filter (Losordo et al.,1999). Therefore, a practical 
method to maintain water quality in an aquarium is crucial to reduce huge amount of 
water usage during maintaining the aquarium.  
 
Generally, nitrification is one of the most common methods used to reduce NH3 in the 
water. This is because NH3 can be reduced naturally through oxidization to NO2- and 
then to NO3-. However, the build-up of NO3- in the water is still concerned. Camargo 
et al., 2005 reported that freshwater animals are sensitive to NO3-. In order to tackle 
this matter, many studies had proposed denitrification to control water quality in the 
recirculating aquaria systems (RASs). A study by Matos et al. 2009 suggested using 
ion exchange membrane bioreactor to remove NO3- in aquaria. Grommen et al. 2006 
proposed a denitrification reactor coupled with hydrogen generated electrochemical 
cell to remove NO3- in aquaria and Shoji et al. 2014 recommended an application of 
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ethanol-packed membrane biofilm reactor to promote denitrification in marine 
aquarium. These new technologies appeared promising to reduce water usage for 
maintaining aquarium. Unfortunately, these systems focused on NO3- removal only 
and only scant amount of them focused on freshwater aquarium. 
 
Our research group developed a down-flow hanging sponge (DHS) and up-flow sludge 
blanket (USB) system, a system that was capable to remove NH3 and NO3- 
simultaneously (Furukawa et al., 2016). The system which targeted marine aquarium 
had achieved the target water quality standard for aquarium. The DHS-USB system 
had successfully maintained a low concentration of Total Ammonia Nitrogen (TAN) 
and NO2- at less than 0.1 mg N L-1 and NO3- less than 40 mg N L-1 during its 83 days 
run. However, DHS-USB recirculating system has not yet been studied for freshwater 
aquaria and there was a concern about ambient temperature might affect the 
performance of DHS-USB system when installed at on-site aquaria for long-term 
operation.  
 
In this study, DHS-USB system was demonstrated as the nitrogen removal system for 
on-site freshwater aquaria bred with Cyprinus carpio var. Koi which was influenced 
by ambient temperature at long-term operation. This research intended to study the 
suitability of DHS-USB system for freshwater aquarium and evaluate the performance 
of DHS-USB system in removing NH3-N and NO3--N within standard levels for 
freshwater breeding at NH3-N: 0.1, NO2--N: 0.1 and NO3--N: 10 (mg N L-1) for long-
term operation. The application of compact size DHS-USB system was expected to be 
a favorable system to reduce the struggle in maintaining aquarium especially water 
exchange on regular basis and space issues faced for installing the sand filter. In 
addition, 16S rRNA gene of microorganisms from DHS and USB bioreactors were 
sequenced to identify the microbial communities which occupied the bioreactors. The 
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findings from this analysis is predicted to increase the understanding about bacteria 
responsible for nitrification and denitrification in the bioreactors. 
 
3.2 Materials and Methods 
3.2.1 Fish and aquarium configuration 
A 700 L aquarium consisted of top tank (600 L) and bottom tank (100 L) was used in 
this study (Figure 4). At the beginning of the experiment, seven ornamental carps (C. 
carpio var. Koi) were bred in the top tank. The carps had an initial average weight of 
4.5 kg m-3. However, from day nine onwards, carps ware reduced to three, thus, 
average weight was reduced to 2.0 kg m-3. The aquarium was designed to recirculated 
at the rate of 820 L per hour with HRT of 0.85 h. A temperature cooler unit (TCU) 
was installed and set at 28ºC to maintain the temperature throughout the study. 
Nevertheless, temperature of the water still varied at range of 23 to 34℃ due to 
influenced from ambient temperature. Dissolved oxygen (DO) concentration was 
maintained above 5 mg L-1 over total operational period. Fish were fed with 0.01 kg-
food kg-fish weight-1 day-1 commercial fish food (Hikari Staple large pellet, Kyorin 
Co., Ltd) per day. Percentage of composition of fish diet is stated at Table 6.  
 
Table 6.  Composition of the fish diet 
Ingredient Partial composition (%) 
Crude protein 35 
Crude fat 3 







Figure 4. The schematic diagram of 700 L aquarium consisted of a) Down-flow 
Hanging Sponge (DHS) reactor b) Up-flow Sludge Blanket (USB) reactor c) Organic 
matter tank and d) Temperature control unit (TCU) 
Source: Adlin et al., 2017 
 
 
3.2.2 The DHS-USB system 
The DHS reactor was designed responsible for nitrification process. The purpose of 
this reactor is to convert NH3 in the water into NO2- and NO3-. The conversion was 
performed through biological process to maintain NH3 concentration at low level 
which carps can tolerate. The USB reactor was designed for denitrification.  The 
purpose of this reactor is to convert NO3- in the water into nitrogen (N2) gas, preventing 
the accumulation of NO3- in the aquaria. Both reactors were placed at the bottom tank. 
External carbon source with C/N ratio 1.2 and in-flow rate of 0.4 L per day was 
supplied to USB reactor to facilitate denitrification in the USB reactor. Quantity of 
additional carbon source was calculated based on equation (9) according to Hamaguchi 


























 Additional organic matter quantity (mg C・L ) =  g Cg N ratio x inflow NO − N conc. +0.375 x inflow DO conc.   … . (9)  
 
3.2.3 Operational conditions  
This study was conducted in three phases which consisted of Start-up phase, Phase 1 
and Phase 2 (Table 7).  During start-up phase, external carbon source was not 
connected to USB reactor. At Phase 1, sodium acetate was used as an external carbon 
source, and at Phase 2, sodium acetate and acetic acid were used at ratio of 7:3. Acetic 
acid was introduced a phase 2 to maintain the pH level. The volume of DHS and USB 
reactor was 12 L and 8 L, respectively based on sponge volume. The in-flow rate of 
DHS reactor was 820 L per hour with hydraulic retention time (HRT) at 0.01 h. The 
USB reactor had an in-flow rate of 3 L per hour with HRT at 2.7 h. NH3 loading rate 
for DHS reactor was at an average of 0.1 mg N L-1.  NO3- loading rate for USB reactor 
was at an average of 2 mg N L-1. G3-DHS polyurethane sponge (33 mm × 33 mm × 
33 mm) retained within the cylindrical PVC net (33 mm × 33 mm) was used as the 
media in DHS reactor. The media was inoculated with microorganisms acquired from 
coral sand filter originated from Teradomari Aquarium, Nagaoka, Japan. For USB 
reactor, half of the total volume of the reactor (4 L) were filled with granule sludge 
from food factories and the biomass was maintained by accommodating s denitrifying 
bacteria with suitable condition within their optimal growth range. pH was maintained 
between 7.0 to 8.0 and temperature was set at 28℃ corresponding to the growth range 
of nitrifying and denitrifying bacteria. Unfortunately, the temperature of the water in 
the tank was often influenced by ambient temperature. Target level of nitrogenous 
compounds were less than 0.1 mg N L-1 for NH3 and NO2- and less than 10 mg N L-1 
for NO3-. Theoretical accumulated NH3 was calculated using equation (10) (Honma, 
1990) and theoretical accumulated NO3- was calculated as 1 mole of NH3 release 1 
mole of NO3-. The removal efficiency (%) for NH3 was calculated using equation (11).  
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Table 7. Details on experimental condition 
 
  Start up Phase 1 Phase 2 
Operational day 0-14 15-64 65-192 
Fish type Cyprinus carpio var. Koi 
Fish density (kg m-3) 4.50 (2.0)1 N.D. 2 3.0 
Feed volume (kg-food kg-fish 
weight-1 day-1) 0.01 
HRT in DHS (h) 0.01 
HRT in USB (h) 2.7 
C/N ratio 1.2 
External organic matter3   NaAc4 NaAc:HAc5 (7:3) 
1 Fish density was decreased from 4.50 kg m-3 to 2.0 kg m-3 
 
2 No data 
   
3 External organic matter for denitrification in USB reactor 
 
4 Sodium acetate 
   
5 Acetic acid 
   
 Concentration of NH  discharged mg − N・L １day １ =  
500 (mg N・day ) 1 (kg −  fish weight)  x x (kg − fish weight)   1 (m −  aquaria tank volume)       … . (10) 






3.2.4 Sampling and analytical methods  
The system’s performance was monitored by routine analysis of grab samples taken 
from aquaria tank. Dissolved oxygen (DO), pH, Oxidation Reduction Potential (ORP), 
and temperature were measured on site. NH3 concentration was measured using Hach 
Nessler reagent. NO2-- N and NO3- - N were measured by the colorimetric method 
using the Hach ready-made reagents NitriVer 3 Nitrite Reagent Powder and NitraVer 
5 Nitrate Reagent Powder, respectively. NH3, NO2-- N and NO3- - N were analyzed 
using Hach spectrophotometer, DR-2800 (Loveland, Colorado) within 48 h after the 
samples were collected.  The sponge in DHS reactor and sludge sample from USB 
reactor were collected from time to time for microbial community analysis.  Algae 
were monitored and removed manually after water samples were collected.  
 
3.2.5 DNA extraction and Polymerase Chain Reaction (PCR)  
Sponge sample from DHS reactor and sludge sample from USB reactor on day 64, 86, 
and 163 were collected for microbial analysis. The sample on day 64 sample 
represented phase 1 and samples from day 86 and 163 with a slight difference in 
temperature represented phase 2. The microbial DNA was extracted using FastDNA 
SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA). DNA concentration was 
measured using NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA) according to manufacturer protocols. PCR amplification was performed on each 
sample using the 515F and 806R primer set with Premix Ex Taq Hot Start Version 
(Takara Bio Inc., Shiga, Japan) on a Veriti Thermal Cycler (Applied Biosystems, 
California, USA) according to Caporaso et al., 2012. PCR amplification was 
performed as follows: 1 cycle of initial complete denaturation at 94 °C (3 min), 25 
cycles of 94 °C (45 s), 50 °C (60 s), 72 °C (90 s), and final extension at 72 °C (10 min). 
The PCR products were purified using MinElute PCR Purification Kit (QIAGEN, 
Hilden, Germany) following protocols stated by the manufacturer.  
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3.2.6 DNA sequencing and analysis 
Sequencing of PCR products were performed using MiSeq Reagent Kit v2 with MiSeq 
System (Illumina Inc., San Diego, CA, USA). The quality of raw sequence reads were 
trimmed and filtered using Trimmomatic version 0.33 according to Bolger et al., 2014 
and the reads from the paired-end library were merged with FLASH version 1.2.11 
according to Magoc and Salzberg, 2011. The sequences were analyzed using 
Quantitative Insights into Microbial Ecology (QIIME v.1.9.1) as stated by Caporaso 
et al., 2010. Chimeric sequences were identified and removed using usearch method. 
OTUs were assigned using uclust with 97% similarity and open reference OTU 
picking (Edgar, 2010). UCLUST taxonomic assigner with 90% confidence cutoff and 
the Greengenes 13_8 reference database was formed using taxonomic assignments 
(Rideout et al., 2014). The sequences were aligned using the Greengenes reference 
alignment and PyNast (Caporaso et al., 2010).  Finally, related species of OTUs were 
searched and elected from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi), the web-
based BLAST.  
 
3.3 Results and Discussions 
3.3.1 Ammonia removal by DHS reactor 
NH3, NO2-, and NO3- was measured and monitored twice a week. Honma, 1990 had 
reported that a fish weighted 3 kg could release 1.5 mg N L-1 of NH3 per day into the 
water through respiration and excrement. According to the carp’s body weight in this 
study (Table 7), they were likely to released up to 1.5 mg N L-1 of NH3 per day into 
the water but the average NH3 concentration detected in the aquaria was 0.01 ± 0.01 
mg N L-1 (Figure 5a). Accumulation of NH3 was not observed over the total period of 
study. This result showed that DHS reactor had successfully converted NH3 released 
by the carps and maintained it below target level which was at 0.1 mg N L-1. 
Nitrification rate per unit volume obtained was low at 2 g N m-3 sponge per day. 
However, almost 100% of the NH3 in the water was removed in the aquaria (Figure 
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5d). NO2- was maintained at 0.01 ± 0.02 mg N L-1 throughout the study (Figure 5b). 
Similar to NH3 result, no accumulation of NO2- was observed. This result indicated 
that nitrification has occurred successfully in DHS reactor despite its compact size 
(1.7% of total aquarium size) and low nitrification rate. It is difficult to compare 
nitrification rate between different systems because the effectiveness of a system 
depends on various factors such as fish species, feeding strategy, feed composition, 
system configuration, environmental condition, and loading concentrations (Van 
Kessel et al., 2010, Eding et al., 2006, Crab et. al., 2007, Rusten et al., 2006. In addition, 
blocking phenomenon was not observed in DHS reactor. Therefore, backwashing was 
not required over the total 192 operational days. Although particulate organic matter 
flowed from the top tank into DHS reactor, the reactor did not clog up. The trapped 
particulate organic matter was assumed to had been digested by retained biomass in 
DHS reactor. Matsuura et al., 2005 reported that retained biomass can oxidized 
particulate organic matter at 23.5-28℃. Because the temperature maintained in this 
study was at 28℃, it was assumed that the trapped particulate organic was oxidized 
before it could clogged up the DHS reactor despite the sponge media was not replaced 
throughout the study. Temperature, ORP and DO of the water were also maintained 
within safe level for fish to live (Figure 6). 
 
3.3.2 Nitrate removal by USB reactor 
The use of acetic acid as carbon source has successfully facilitated denitrification in 
the USB reactor. NO3- concentration was retained at an average of 2.3 ± 1.6 mg N L-1 
over the total 192 operational days (Figure 5c). This supported the study performed 
by Belecke et al. 2013 whom reported that acetic acid promotes NO3- reduction better 
than methanol that were commonly used as carbon source for denitrifying reactor. At 
phase 1 (day 40 to 50), a slight accumulation of NO3- accumulation was observed 
(Figure 5c). The problem which was caused by lack of management was restored after 
sufficient management was implemented. No accumulation of NO3-  was observed 
 55 
from day 50 onwards and average NO3- removal efficiency of 99% was observed 
throughout the study. This result proposed that DHS-USB reactor can successfully 
reduce fatality risk to the fish by converting NH3 into nitrogen gas. Chemical Oxygen 
Demand (COD) was measured once throughout the study. The value detected from 
USB effluent was low at 9 mg L-1. 
 
 











































































































































Figure 6. Temperature (℃), ORP and DO conc. against time 
 
DO concentration was successfully maintained above 6 mg L-1 throughout the study. 
Oxygen depletion in the tank water due to DO being used up during decomposition 
process of organic pollutants was also not observed. The efficiency of DHS-USB 
system to remove NH3, NO2-, and NO3- within the target water quality demonstrated 
that this system is a propitious technology to maintain a safe environment for aquatic 
animals. The DHS-USB system is also capable of performing effectively without the 
needs for regular water exchange at long term operation, which make it relevant to 
breed fish even at water stress region.  
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3.3.3 The influence of temperature 
The result revealed that lowest concentration of NH3, NO2-, and NO3- in the aquaria 
was observed between 23 to 30ºC (Figure 7a, b, c). This range is suggested to be 
pertinent for nitrification and denitrification to occur in DHS-USB reactor. Variation 
in NH3 throughout the study concentration was also observed but significant 
correlation between NH3 concentration and water temperature was not observed 
(Figure 7a). In contrary, NO2- and NO3- concentration decreased from start-up phase 
to phase 1. At phase 2, they were observed to maintained at a very low concentration. 
Unfortunately, the effect of temperature on nitrification and denitrification was not 
distinctly observed because temperature range in this study was short. However, high 
NH3 and NO3- removal efficiency (Figure 7d) obtained suggested that DHS-USB 
system can functioned at acceptable standard for practical purposes even at moderate 
low temperature influenced by ambient temperature, without harmful effect to the fish. 
Lethal temperature of an individual animal species often led to limitations for 
nitrification and denitrification to proceed. This study disclose that lethal temperature 
of ornamental carp meets the requirement for nitrification and denitrification to occur 
using DHS-USB system in freshwater breeding aquaria.  
 
3.3.4 Microbial community analysis in DHS reactor 
Currently, microbial community structure in water treatment units especially in 
recirculating aquaria systems is still unclear. In this study, sponge sample from DHS 
reactor was analyzed based on the 16S rRNA gene sequence to detect microbial 
community in the reactor. Proteobacteria was the most abundant phyla detected in the 
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Figure 7. Nitrogenous compounds versus temperature (℃) 
 
DHS reactor with average total sequence reads of 40%. The second most abundant 
phyla detected was Firmicutes 16.5%, followed by Planctomycetes 9.8% (Table 8). 
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of the total average reads in the sample. The presence of ammonia oxidizing bacteria 
(AOB) belonged to Proteobacteria is important for nitrification process. However, 
AOB was not detected in the sample although Proteobacteria was highly detected in 
this study. Interestingly, ammonia oxidizing archaea (AOA) such as Ca. 
Nitrososphaera and Nitrosopumilus was detected (Figure 8). An increase in genera 
Ca. Nitrososphaera and Nitrosopumilus was observed (Figure 9). Hugoni et al., 2013 
reported that AOA preferred low temperature and sensitive to high ammonia 
concentration. Therefore, the condition of aquarium water having low temperature and 
low NH3 concentration was assumed to had encouraged the growth of Crenarchaoeta 
from 1% at phase 1 (day 64) to 1.9% at phase 2 (day 163) (Table 8). In this study, 
AOA seemed to play major role in NH3 removal in DHS reactor. 
 
Nitrite oxidizing bacteria (NOB) such as Nitrospira sp. like bacteria including 
Nitrospira moscoviensis was also detected in DHS reactor (Figure 8). Nitrospira 
moscoviensis were reported to prefer low salinity water and grew best at temperatures 
between 28°C and 30°C (Sugita et al., 2005).  They were also often detected in 
breeding systems associated with carp and goldfish (Off et al., 2010). However, 
Nitrospira decreased from 2.4% at phase 1 (day 64) to 0.4% at phase 2 (day 86). On 
the other hand, Planctomycetes increased from 6.3% at phase 1 (day 64) to 14% at 
phase 2 (day 86). Pirelulla and Planctomyces species which belonged to phyla 
Planctomycetes were often related to algae production (Fuerst, 2005, Brummer et al., 
2004). Algae bloom in the aquarium during summer might have promoted 
Planctomycetes growth. On day 163, an increase in Nitrospira to 0.7% from 0.4% (day 
86) was observed but Planctomycetes decreased to 9.2% from 14% (day 86). The 
decrease of Planctomycetes was most probably due to scarce presence of algae in 
winter. DHS reactor were known to have anaerobic condition inside of the sponge 
(Araki et al., 1999). However, freshwater anammox related Planctomycetales such as 
Candidatus Brocadia anammoxidans and Candidatus Kuenenia stuttgartiensiss were 
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not detected in the sample. Water quality parameters for aquaria and aquaculture 
systems, such as NH3 concentrations and organic loadings were low. These conditions 
most likely had affected the growth of these species (Tal et al., 2006). Thus, making it 
unsuitable for anammox-related Planctomycetales to grow in the system. Nonetheless, 
Nitrospira had efficiently played the major role in NO2- oxidation in DHS reactor and 
had successfully maintain NO2- concentrations at low level which was at the detection 
limit of 0.01 mg N L−1. 
 
Table 8. Microbial community at phylum level in DHS reactor. 
 
Day 64 Day 86 Day 163 
Phylogenetic affiliation Total sequence reads (%) 
Archaea       
Crenarchaeota 1.0 1.4 1.9 
    
Bacteria 
   
Acidobacteria 3.2 0.3 0.3 
Actinobacteria 4.1 4.6 2.9 
Armatimonadetes 2.0 - - 
Bacteroidetes 8.2 4.3 11.4 
Chlamydiae 3.5 4.5 1.3 
Chloroflexi 4.0 4.3 2.9 
Cyanobacteria 1.9 1.3 2.1 
Firmicutes 19 20 11 
Fusobacteria 6.7 1.2 1.2 
Gemmatimonadetes 0.6 0.8 1.5 
Nitrospirae 2.4 0.4 0.7 
Planctomycetes 6.3 14 9.2 
Proteobacteria 32 36 52 
SBR1093 0.4 0.5 - 
TM6 0.2 1.4 0.4 
TM7 0.9 - - 
Verrucomicrobia 3.0 3.8 1.4 
Other 0.8 1.0 0.4 
Total 100 100 100 
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Source: Adlin et al., 2018 
 
Figure 8. Species identified with known nitrification abilities. 
 
Figure 9. Genera identified with known nitrification abilities. 
 
3.3.5 Microbial community analysis in USB reactor 
The most abundant phyla detected in USB reactor were Proteobacteria, Chloroflexi, 
and Firmicutes. Proteobacteria has an average total sequence read of 42.4%, 




Ca. Nitrososphaera Nitrosopumilus Nitrospira
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Chloroflexi and Firmicutes has an average total sequence read of 16% and 7.8% 
respectively (Table 9). The cumulative relative abundance of these three phyla 
accounted to more than 60% of average total reads. The abundance of Proteobacteria 
in this study is important. This is because most genera from Proteobacteria are 
commonly to be associated with denitrifying bacteria and knowing that denitrifying 
bacteria are best candidate to remove NO3- in aquarium water, their presence is vital. 
In this study, the most dominant genera with denitrification abilities detected in the 
USB reactor throughout the operational period was Thauera (Figure 10). Species 
identified with known denitrification abilities is shown at Figure 11. Furukawa et al., 
2016 also reported that Thauera was detected in USB reactor treating marine aquaria. 
However, it was detected at low abundance. The most dominant genera detected in 
marine aquarium was sulfur denitrifier, Arcobacter. The presence of high 
concentration of sulfate in marine aquarium has most probably promoted the growth 
of Arcobacter. Contradictory, low salinity condition in freshwater aquaria promoted 
Thauera (Furukawa et al., 2016 Liu et al., 2015). In addition, Thauera was also known 
to have the potential to utilize acetate in an anoxic condition (Ginige et. al., 2005).  
 
The addition of sodium acetate at phase 1 as carbon source has likely facilitated the 
growth of Thauera in USB reactor. Thauera increased from 16.7% on day 64 to 27.5% 
on day 86 but it decreased to 13.2% on day 163. The decrease was likely due to gradual 
change of temperature from summer to winter. Heider J, Fuchs G, 2015 reported that 
Thauera grow optimally between 28°C to 40°C and at pH 7.5. Water temperature in 
the aquarium decreased to 20-25°C from day 160 onwards. The second most abundant 
denitrifying bacteria detected in USB reactor was Roseobacter spp. like bacteria from 
Rhodobacteraceae family. Roseobacter denitrificans was reported capable to reduce 
NO3- (Shiba, 1991). They were also capable to grow anaerobically in the dark and are 
copiously found in oceans (Matsuda et al., 2002). Low salinity condition in freshwater 
aquaria might explained the decrease of Roseobacter denitrificans over time from 
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6.1% day 64 to finally 1.3% on day 163. Besides, Denitrimonas sp., Phaeobacter sp. 
and Pseudomonas stutzeri were also detected. These species were also known to have 
denitrification abilities. Low abundance of Denitrimonas sp., Phaeobacter sp. and 
Pseudomonas stutzeri detected in USB reactor may be affected by temperature and pH 
of this study but biological USB reactor was still able to reduce NO3- to N2 efficiently. 
The result showed that the microorganisms in USB reactor were still able to survive at 
lower temperatures and perform competently even at low quantity.  
 
3.3.6 Fish and aquaria condition 
The temperature of water in the aquaria tank varied from 23°C to 34°C during the 
study. A temperature cooler unit was used to maintain the temperature of the aquarium 
water but variations were still observed. This phenomenon occurred because of the 
influenced of room temperature throughout the year. However, the observed 
 
Table 9. Microbial community at phylum level in USB reactor. 
 
Day 64 Day 86 Day 163 
Phylogenetic affiliation Total sequence reads (%) 
Archaea 
   
Euryarchaeota 5.6 6.9 6.0 
    
Bacteria 
   
Acidobacteria 0.7 0.3 0.2 
Actinobacteria 2.1 1.4 2.2 
Bacteroidetes 5.1 5.4 7.6 
Chlorobi 1.5 2.8 3.3 







Firmicutes 8.1 5.6 9.9 
GN04 1.9 4.0 7.5 
Hyd24-12 1.7 1.9 1.3 
 64 
OP11 1.2 0.4 1.2 
Planctomycetes 1.7 0.9 1.9 
Proteobacteria 40.7 54.4 32.2 
Spirochaetes 0.7 1.3 1.5 
Synergistetes 1.3 0.8 1.6 
WS3 1.5 1.5 0.9 
Other 4.1 2.8 5.1 
Total 100 100 100 
 
Source: Adlin et al., 2018 
 
 
Figure 10. Genera identified with known denitrification abilities 
 




Thauera sp. Roseobacter sp. Denitromonas sp. Phaeobacter sp. P. Stutzeri
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Figure 11. Species identified with known denitrification abilities. 
 
temperature was still within the range allocated for carp’s survival. Generally, carp 
grows at optimal at temperature between 23°C to 30°C, but they were also reported 
having the ability to tolerate high temperature too (FAO, 2016). ORP was maintained 
within suitable range for nitrification and denitrification to occur and DO 
concentration was maintained above 5 mg L-1 throughout the study. The system was 
designed to maintained pH between 7-8. However, the average pH obtained was 8.2 ± 
0.5. The rise of pH in water was due to the presence and growth of algae in the 
freshwater aquarium tank. Algae was not observed in study performed by Furukawa 
et al., 2016. Insufficient light and salinity level in marine aquaria may had inhibited 
the chance for algae to grow. Providentially, the pH was still within the optimal range 
(pH 6.5-9) for freshwater animal health and growth although the average pH in this 
study is higher than the desired pH (Boyd and Tucker, 1998). 
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Change in color of water in the aquaria was observed over time. The water in the 
aquarium was assumed to had been tainted by feeding materials, making it turned 
greenish yellow from time to time. Color is harmless to carps. However, it is best for 
aquarium water to be continuously clear for display. Therefore, water exchange was 
still performed despite low concentration of nitrogen compounds detected in the 
aquarium. During the study, the aquarium water was exchanged four times. 20% of 
aquaria water was exchanged on day 11, and 50% of total aquarium water was 
exchanged on day 70, 127, and 175. Generally, conventional method such as water 
exchange is performed twice a month which supposedly sums up to a total of about 7 
times considering 192 days of study. However, since the installation of DHS-USB 
system at the aquarium, water exchange was only performed 4 times out of 192 days 
of study. This result showed that DHS-USB system has reduced almost 50% needs for 
water exchange compared to conventional method. In addition, only one out of four 
time of the performed water exchange was resulted from high NH3 concentration. 20% 
of the water in the aquarium was exchanged on day 11 due to high NH3 level in the 
water. The other three times were merely to maintain the aesthetic beauty of the 
aquarium. The aesthetic beauty of the aquarium was maintained by exchanging 50% 
of the water in the aquarium to dilute the color of the water tainted by feeding material. 
The result suggested that DHS-USB system is more and efficient method to reduce 
water consumption for aquarium maintenance. Concentration of nitrogen compounds 
remained within the attainment level throughout the study. Data on growth 
performances and feed utilization including initial weight, final weight, and feed 
density were reported in Table 7. Carp survived without any health problem 
throughout the study. 
 
3.4 Conclusions 
DHS-USB system proved that it can efficiently maintained NH3, NO2-, and NO3- 
concentrations within safe level for ornamental carps in an on-site freshwater aquarium. 
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The system had also successfully maintained NH3, NO2-, and NO3- concentrations 
within the target level at an average of 0.01 ± 0.01, 0.01 ± 0.02, and 2.3 ± 1.6 mg N L-
1 respectively over 192 days of operation. This result proved that DHS-USB system is 
stable and reliable even for long-term operation. Other benefits of DHS-USB system 
include the ability of the system to reduce struggle while maintaining an aquarium 
especially the needs for water exchange on regular basis. It’s compact size also 
eliminated space issues faced for placing sand filter.  No adverse effect on the carps 
was observed despite limited water exchange performed throughout the study. Useful 
AOA, NOB and denitrifying bacteria were detected in the reactor. The presence of 
these bacteria and archaea in the biological reactors resulted to enormous average 
removal efficiency of NH3 and NO3- in the aquarium despite their abundance were 
affected by temperature change along the study. This result demonstrated that DHS-
USB system is suitable for on-site freshwater aquarium despite receiving influence 
from ambient temperature for long-term operation. Aquaria and fish breeding industry 
is predicted to benefit greatly from DHS-USB system considering this technology is 
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Application of ozone in combination with DHS-USB system to 
eliminate water exchange in recirculating freshwater aquarium 
 
4.1 Introduction 
Accumulation of ammonia (NH3), the natural product of protein metabolism, is 
harmful for aquatic animals (Adlin et al., 2018). In general, partial water exchange is 
performed regularly to reduce NH3 toxicity in aquarium water. To reduce the need for 
regular water exchange in aquarium maintenance, we previously developed a down-
flow hanging sponge (DHS) and up-flow sludge blanket (USB) system (Furukawa et 
al., 2016, Adlin et al., 2018). The DHS-USB system successfully removed the nitrogen 
released in the aquaria and maintained total ammonia nitrogen (TAN) and NO2-  levels 
at less than 0.1 mg N L-1 and NO3- levels below 10 mg N L-1. However, despite 
presenting low levels of NH3 toxicity to the fishes in the aquaria, partial water 
exchange was performed four times over 192 days to reduce accumulation of “yellow 
substances”. 
 
In this study, O3 was introduced as a post treatment application for the DHS-USB 
system to eliminate any need for water exchange in the aquaria. The capability of O3 
to inhibit the accumulation of non-biodegradable organics in the aquaria has been 
previously demonstrated (Otte et al., 1977; Colberg and Lingg, 1978; Otte and 
Rosenthal, 1979; Schroeder et al., 2011). O3 is an excellent NO2- removal tool. 
Furthermore, elimination of “yellow substance” is often hampered when NO2- is 
present. Deterioration of DHS reactor performance can be attributed to NO2- removal 
via NO2- oxidation, thereby hindering the performance of the biological nitrogen 
removal system (Summerfelt, 2003; Schroeder et al., 2011). In this study, we 
investigate the efficiency of the ozone-DHS-USB system in removing nitrogen 
compounds and in reducing yellow substances at on-site aquaria influenced by ambient 
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temperature. The required level for NH3 and NO2- was 0.1 mg N L-1 and that of NO3- 
was 10 mg N L-1. The medium in each reactor was analyzed to understand the 
microbial structure in the water treatment unit of the recirculating aquarium system 
(RAS). This study demonstrates that the ozone-DHS-USB system can simultaneously 
maintain the water quality of the aquarium and ensure clear color of water for long-
term operation of the aquarium without the need for regular water exchange. 
 
4.2 Materials and methods 
4.2.1 Zero discharge aquarium 
A 700-L recirculating aquarium comprising a top and bottom tank with three 
ornamental carps (Cyprinus carpio var. Koi) as described by Adlin et al. (2018) was 
used in this study. The aquarium recirculated at 820 L h-1 and had a hydraulic retention 
time (HRT) of 0.85 h. The dissolved oxygen (DO) concentration was maintained 
above 5 mg L-1, and pH was maintained between 7 and 8.5. Because the aquarium was 
located on-site, a temperature control unit (TCU) was installed to avoid overcooling 
and overheating of water which might affect the health of the carp. Five to 10 L tap 
water was added per week to compensate for the water evaporated over time, and algae 
were removed manually when observed.  
 
4.2.2 Operational conditions of the aquarium 
This study was conducted in three phases. Phase 1 described the operation from day 
249 to 494. Phase 2 described the operation from day 495 to 557, and Phase 3 from 
day 558 to 600 (Table 10). Operational conditions before day 250 are described 




Table 10. Operational conditions 
  Phase 1 Phase 2 Phase 3 
O3 exposure (h) 8 - 8 
Fish density (kg m-3) 3 3.6 N.D. * 
Feed volume (kg-food kg-fish weight day -1) 0.01 0.01 0.01 
HRT in DHS (h) 0.01 0.01 0.01 
HRT in USB (h) 2.7 2.7 2.7 
C/N ratio 1.2 1.2 1.2 
External carbon source Acetic acid Acetic acid Acetic acid 
*   No data 
 
  
    
 
4.2.3 Nitrogen removal system 
The aquarium comprises a biological nitrogen removal system, namely the DHS-USB 
system. The system was placed in the bottom tank (Figure 12). The DHS reactor, with 
a volume of 12 L based on the sponge volume, was designed to be responsible for 
nitrification. It was fabricated to be as small as 1.7% of the total aquarium capacity in 
size and received overflowed water from the top tank with an average NH3 loading 
rate of 0.1 mg N L-1 per day. G3-DHS polyurethane sponge (33 × 33 × 33 mm) which 
were retained within the cylindrical PVC net (33 × 33 mm) was used as the media in 
the DHS reactor. The media remained unchanged since start-up. To prevent 
accumulation of NO3- in the aquarium, an 8 L USB reactor was designed for 
denitrification. Three liters of water from the bottom tank was pumped into the USB 
reactor hourly. The 8 L USB reactor was designed to resemble 1.1% of the total 
aquarium capacity in size. The HRT of the USB reactor was 2.7 h, and the NO3- loading 
rate was 2 mg N L-1 per day on an average. Four liters of granular sludge obtained 
from a food factory were used to fill half of the total volume of the reactor. Similar to 
the DHS reactor, no changes were made in the USB reactor throughout the study. The 
pH and temperature were maintained within an optimal growth range for denitrifying 
bacteria to maintain the biomass conditions in the reactor. 0.4 L of acetic acid was 
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pumped in USB reactor daily to aid the denitrification process in the reactor. The 
quantity of the additional carbon source was calculated according to Hamaguchi et al. 
(2010) and Adlin et al. (2018).  
 
 
Figure 12. The schematic diagram of 700 L aquarium after O3 generator was added 
as a part of the recirculating aquarium system 
 
4.2.4 Decolorization by ozone 
O3 performance in reducing color of the aquarium water was assessed twice throughout 
the study. First, an electrical O3 generator (Model L75, Adex Co. Ltd) was installed in 
the 700 L aquarium. A constant O3 concentration of 70 mg O3 per hour was applied 
continuously for 8 h per day in Phase 1 and 3 during the course of the study. During 
the 8 h of O3 application, the carps remained in the aquarium and the DHS-USB system 
also remained operational. An air pump was connected to the O3 generator to facilitate 
O3 discharge into the aquarium. The aquarium water remained in contact with O3 
before it was recirculated into the top tank (Figure 12). Approximately, 10 L of water 
from the total aquarium water volume was in contact with O3 before it was recirculated 







Q= 820 L h-1
Q= 3.0 L h-1
















1. A timer was used to set the ozonizer to discharge O3 automatically from 11 pm to 7 
am daily. Color degradation in the aquarium was monitored from day 400 onwards. 
Second, a lab-scale O3 batch experiment was performed to observe the color change 
of aquarium water exposed to O3 and identify the components existing in the water 
samples. In this experiment, 40 L water samples were collected from the 700 L 
aquarium. Twenty liters of water samples were aerated in a tank for 8 hours 
continuously with O3 using an electrical O3 generator (Sensui AS-1000DS, Ohnit Co. 
Ltd). O3 was applied at a constant O3 concentration of 1000 mg O3 per hour in the 
water. An air pump was connected to the O3 generator to facilitate O3 discharge into 
the tank. Correspondingly, another 20 L of water samples was aerated using the air 
pump for 8 hours. Hundred milliliters of water samples were collected from both tanks 
every 30 minutes for color degradation and fluorescent excitation-emission matrix 
(EEM) analysis. 
 
4.2.5 Determination of color degree and water quality analysis 
The presence of yellow substances that contributed to color build up in aquarium water 
was analyzed using Drainage Analyzer for Coloration and Contaminated Color (NDR 
2000, Nippon Denshoku Industries Co., Ltd) with a 20-mm cell. Quality of aquarium 
water was monitored through routine analysis. DO, pH, temperature, and NH3 were 
analyzed according to Adlin et al. 2018. NO2- -N and NO3- -N were measured using 
high performance liquid chromatography (HPLC, Shimadzu SIL-10A, SPD-10A, 
CTO-10A), and dissolved O3 in water was measured using a portable dissolved O3 
meter (OZ-21P, DKK TOA Corporation). All samples were maintained below 4°C and 
analyzed within 48 hours after sampling. 
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4.2.6 Determination of colored substances by fluorescence excitation-emission 
matrix (EEM) analysis  
Determination of fluorescence EEM of the samples was performed as described by 
Yamin et al. (2017) and Cohen et al. (2014). The fluorescence emission was measured 
using a Jasco J3/Q 10-mm cell with a spectrofluorometer (Jasco Co. Ltd., FP-8300). 
A 5 nm width band pass slide was used for both excitation and emission. Excitation 
wavelengths ranged between 210 to 585 nm, and measurements were obtained at 5 nm 
intervals. Emission wavelengths ranged between 220 to 600 nm, and measurements 
were obtained at 2 nm intervals. The scanning time for each sample was 8 min. Milli-
Q water was used for blank measurements. The Raman scattering peak of water was 
monitored to assure the stability of the spectrofluorometer.  
 
4.2.7 PARAFAC analysis 
Two sets of 17 EEM samples were used in PARAFAC modelling. PARAFAC was 
performed on water samples which were aerated with O3 and air at various exposure 
times, as described above. A large number of samples contributed to the positive 
variation in terms of spectral properties and aided in avoiding potential autocorrelation 
effects during the split-half validation. Prior to modeling, Rayleigh and Raman scatter 
effects and EEMs were pre-processed and performed as described by Murphy et al. 
(2013). PARAFAC modeling and analysis of EEMs was performed using SOLO 
(Eigenvector Inc.). PARAFAC produced excitation and emission spectra of 
components and detected scores on components based on fluorescence intensities in 
proportion to the exposure time of O3 and air of each dataset. 
 
4.2.8 Microbial community analysis 
 Sponge and sludge samples were squeezed and collected on day 370 (Phase 1) from 
the DHS and USB reactors, respectively. The collected samples were washed with 
phosphate buffer before DNA extraction was performed. Microbial DNA extraction 
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and sequencing were performed as described by Adlin et al. (2018). Operational 
taxonomic units (OTUs) were identified and trimmed at 97% identity using UCLUST 
as described by Kuroda et al. (2015). Taxonomic assignments were made using 
BLAST according to Greengenes 13_8 reference database (Rideout et al., 2014). 
Complete alignment of 16S rRNA gene sequence was obtained by CLUSTAL X, and 
a phylogenetic tree was constructed based on neighbor-joining method using the 
MEGA7 software. Predominant OTUs were selected based on rank, and the related 
species of OTUs were chosen by a web-based BLAST search 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
 
4.3 Results and discussion 
4.3.1 Removal of yellow substances in aquarium 
Because of the limited water exchange performed for the aquarium, a “yellow 
substance” that originates from the feeding material tends to accumulate in the water. 
Over time, the accumulation of the “yellow substance” affects the color of the 
aquarium water, thereby making water exchange necessary despite the toxicity of 
nitrogen compounds being low for carps. In this study, the yellow substance removal 
capability of O3 at low concentrations was evaluated. The O3 generator was operated 
continuously for 8 h per day. There was a concern that O3 can cause negative effect on 
human’s health. Since the full-scale aquarium is located at a community space, the O3 
generator was designed to operate from 11 pm to 7 am which is during the space is 
closed from public users. In addition, the Occupational Safety and Health 
Administrator (OSHA) Standards reported that exposure of O3 on fishes for 8-h and 
below 0.1 mg/L is permitted. Changes in color in the aquarium water were observed 
from the ending of Phase 1 to Phase 3 (Figure 13 and 14). Currently, little is known 
regarding the range of color required to be maintained in aquaria, but United States 
Environmental Protection Agency (1989) issued a color limit for drinking water at 15. 
Because drinking water is commonly clear, we compared our aquarium water with the 
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standard color of drinking water. The average color obtained in the aquarium water 
was 7.3 ± 0.5, 9.3 ± 2.18, and 5.5 ± 0.6 degree for Phases 1, 2, and 3, respectively. Our 
results from the two ozonation phases (Phases 1 and 3) showed that continuous 
ozonation for 8 h per day can reduce yellow substances in the water and maintain the 
color below the standard color level for drinking water. In Phase 2 (no ozonation), the 
color degree gradually increased and reached the highest level among all the phases, 
with a maximum density of 13 degree. After 7 days of O3 re-application (Phase 3) in 
the aquarium, color dropped to 6 degree, which is equivalent to a 50% reduction from 
the maximum density obtained at the end of Phase 3. This suggests that O3 can reduce 
color by as much as 50% of that obtained by water exchange. O3 is reported to be a 
facilitator of microflocculation of organic matter (Schroeder et al., 2011). In addition, 
retained biomass in the DHS reactor was adept at oxidizing particulate organic matter 
(Matsuura et al., 2015, Furukawa et al., 2016, Adlin et al., 2018). Therefore, organic 
matter was assumed to be decimated into smaller sizes during ozonation and then was 
digested by the retained biomass in the DHS reactor. No accumulation of the “yellow 
substance” was observed during the ozonation phases with 0.03 mg L-1 of dissolved 
O3 detected in the aquarium. This suggests that O3 is indeed an efficient tool that 
degrades aquarium water color even at low concentrations. Because O3 was introduced 
in this system, no water exchange was performed. Although the usage of O3 is 
concerning because of the creation of oxidation by-products that might harm aquatic 
animals in the aquarium, the carps survived throughout the study alongside the lack of 




Figure 13. Change in the color degree in the aquarium during ozonation and non-
ozonation phase in 700 L aquarium 
 


























Phase 1 Phase 2 Phase 3
Color
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Phase 1: The color of the water in the aquarium seemed to be slightly yellowish 




Phase 2: The color of the water in the aquarium was yellowish green and visibility is 







Phase 3: The color of the water in the aquarium was yellowish green and visibility is 
educed. Appearance of algae was observed 
 
 
Figure 14. Actual color of the water in the 700 L aquarium at each phase 
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4.3.2 Reduction of color and organic matter in water samples 
To observe the changes in reduction of color in the aquarium water, water samples 
collected from the aquarium were aerated with O3 and air. The water in the tank aerated 
by O3 showed a significant reduction at 3.5 h from 1 to 0 degree (Figure 15). This 
result confirmed the performance of O3 in reducing yellow substances in the 700 L 
aquarium as mentioned above. Contradictorily, the water in the tank aerated by air 
showed no reduction in color throughout the 8 hours of exposure despite both tanks 
having the maximum dissolved oxygen concentration at 8.6 mg L-1 at the end of the 
experiment. To further understand the reduction of color in the aquarium water, both 
water samples were also examined with EEM spectroscopy. The purpose of this study 
was to identify the components existing in the water samples and understand the O3 
mechanism in reducing yellow substances in water. The result showed that 
components 1, 3, and 4 are similar to humic-like substances according to excitation 
and emission peaks obtained from the analysis (Table 11). Humic substances are 
habitual components of the organic matter in water (Makela et al., 2014). However, 
the presence of humic substances has been reported to affect the color of the water 
(Mahvi et al., 2009; Aoustin et al., 2001). Therefore, elimination of such substances is 
important to maintain clear water in the aquarium. Figure 16 shows the reduction of 
components of humic-like substances in components 1 and 3 when the water sample 
was aerated by ozone. This result suggested that ozonation aided in oxidizing humic 
substances, and thus, the reduction in the presence of yellow substances over time 
could be explained. Lin and Hsien (2011) have also reported that O3 can reduce 
molecular-size distribution of organic compounds. Because the retained biomass in the 
DHS reactor could oxidize particulate organic matter (Matsuura et al., 2015; Furukawa 
et al., 2016; Adlin et al., 2018), it is considered that humic substances which were 
decimated into smaller size during ozonation were digested by the retained biomass in 
the DHS reactor. Humic-like substances were also detected in component 4. However, 
no reduction in scores of component 4, which was the sample only aerated by air, was 
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observed. Protein like substances were also detected in this study (Table 10). 
Components 2 and 5 showed that the substances detected in the study were most likely 
protein-like substances. It is not surprising to detect protein like substances in the water 
because the feeding material was reported to contain more than 34% protein.  
 
Figure 15. Concentration of dissolved oxygen concentration and change in color 
degree of aquarium water aerated by O3 and air 
 
Table 11.  Spectral characteristics of excitation and emission maximum of five components 
identified by PARAFAC modeling for the whole EEMs data set collected compared to 
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Figure 16. Fluorescent components identified in the water samples aerated using (a) 
O3 and (b) air by PARAFAC analysis 
 
4.3.3 Removal of ammonia, nitrite, and nitrate 
First, the performance of the DHS reactor after O3 application was assessed. O3 is an 
excellent NO2- oxidizer. However, the combination of O3 and biological reactors is 
unfavorable because they often lead to serious NO2- depletion because of the 
competition between NO2- oxidation and biological nitrogen removal, which 
eventually results in the deterioration of the biological nitrogen removal system 
(Schroeder et al., 2011, Summerfelt, 2003). In addition, aerobic ammonia oxidizers 
(AOBs) have also been reported to be highly responsive to NO2- levels (Wett et al., 
2010).  In this study, NO2- removal in the aquarium remained low during the ozonation 
phase as well as in Phase 2 where there was no ozonation (Figure 17). An increase in 
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NO2- concentration was observed at the end of Phase 3. There was an increase to 0.08 
mg N L-1 and 0.18 mg N L-1 at day 593 and 595 respectively; however, the health of 
the carps in the aquarium was not affected. This is because maximum NO2- 
concentration carp can tolerate was reported at 1.8 mg N L-1 (Saeki, 1965, EIFAC/T46). 
The average NO2- concentration obtained was 0.03 ± 0.13 mg N L-1 which is still below 
the safe level for carp to live. The most toxic component of all the nitrogen compounds, 
NH3, was successfully maintained below the target levels at 0.10 ± 0.12 mg N L-1 over 
the 600 operational days. Under freshwater conditions, O3 reportedly oxidizes NH3 to 
NO3- (Schroeder et al., 2011). However, no significant difference in NH3 
concentrations was observed with or without O3 exposure in our study. The NH3 
concentration detected in water was 0.08 ± 0.02 and 0.11 ± 0.05 mg N L-1 in Phase 1 
and 3 (ozonation phases), respectively, and 0.10 ± 0.01 mg N L-1 in the non-ozonation 
phase (Phase 2). A possible explanation for our observation is the fact that oxidation 
of NH3 to NO3- by O3 occurs at pH 9 and above (Hoigne and Bader, 1978). However, 
the pH of the aquarium water obtained at Phases 1 and 3 was 7.9 ± 0.2 and 7.2 ± 0.1, 
respectively. Based on the result of Phase 2, it seems possible that the DHS reactor can 
independently maintain NH3 concentrations below the target level even during long-
term operation. In addition, NH3 removal in Phases 1 and 3 was potentially unaided by 
O3 because the pH of water was below the pH limit for O3 to begin oxidizing NH3. It 
is also important to maintain low pH levels in the water because higher pH was 
reported to release higher amount of free NH3, which is toxic to fishes (Benabdallah 
et al., 2009). We also observed fluctuation of NO3- concentration in the water during 
our study. NO3- concentration was measurably higher during the first 110 days of the 
first ozonation phase (Phase 1). Generally, NO3- concentration in water is 
recommended to be maintained below 10 mg N L-1, considering the sensitivity of 
freshwater animals to NO3- (Camargo et al., 2005). However, the actual tolerable level 
varies according to the species and life stage, and the static LC50-24h value previously 
reported for carp is 243 mg N L-1 (Tilak et al., 2007). In this study, the carps survived 
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without any adverse effect on their health and behavior throughout the study even 
though water exchange was not performed for 425 days. The average NO3- 
concentration was consistently maintained below 10 mg N L-1 at 6.40 ± 7.46 mg N L-
1 during the entirety of the 600 operational days. Taken together, our study shows that 
the DHS-USB system efficiently prevents buildup of nitrogen compounds in the 
aquarium water and the long-term stability of this system warrants its widespread 
practical application.  
 
Figure 17. pH, ammonium, nitrite and nitrate concentrations in 700 L aquarium 
  4.3.4 Microbial community analysis 
The microbial community structure in the RAS’s water treatment units associated with 
O3 remains relatively unknown. In the DHS reactor, Proteobacteria comprising 
Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, and 
Gammaproteobacteria were copiously detected (Table 12). Similar to a previous 
study, ammonia oxidizing bacteria (AOB) were not detected (Adlin et al., 2018). 
However, a high ratio of Proteobacteria was detected in the DHS reactor. In contrast, 
ammonia oxidizing archaea (AOA) from Crenarchaeota were detected. The species 
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detected in the DHS reactor were closely related to Candidatus Nitrososphaera and 
Nitrosopumilus maritimus (Figure 18). Total sequence reads of both AOA increased 
over time (Figure 18). Although, currently, not much is known about AOA in 
freshwater systems, they tend to favor low salinity water more than AOB; hence, they 
are commonly detected in freshwater aquaria (Camargo et al., 2005). Walker et al. 
(2009) reported that N. maritimus-like sequences are tolerant against various 
temperature and salinity ranges (9–29°C and 0.1–63 practical salinity units, 
respectively). (Bollman et al., 2014, Bernhard et al., 2010, Walker et al., 2009) 
Therefore, even though N. maritimus are commonly found in marine water, they might 
survive in freshwater aquaria, probably by virtue of its adaptability in a wide range of 
salinity and low NH3 concentrations in the ambient environment. Additionally, nitrite 
oxidizing bacteria (NOB) are crucial for the nitrification process because they play an 
important role in the second step of the nitrification process. While Nitrospira 
dominates the second step of the nitrification process, Nitrospira moscoviensis, 
Nitrospira japonica and Nitrospira calida were detected in DHS reactor.  Nitrospira 
moscoviensis is typically detected in the breeding systems associated with carp and 
goldfish (Adlin et al., 2018, Sugita et al., 2005). Nitrospira japonica, a close relative 
of NOB, was reportedly grows at temperatures ranging from 10 to 46°C. The moderate 
water temperature in the aquarium which matched the growing temperature of this 
species might be explained by the observation of N. japonica in this study. In addition, 
Ushiki et al. (2013) reported that there was a high degree of similarity between N. 
japonica and N. moscoviensis (Ushiki et al., 2013).  Nitrospira calida is known 
detected at elevated temperature with optimal growth at temperature ranging from 46 
to 52 °C (Edwards et al., 2013, Lebedeva et al., 2011). The presence of Nitrospira 
calida in DHS reactor suggest that this species might has a wide growth range despite 
it grows optimally at moderate thermophilic environment. NOB decreased over time, 
suggesting that ozonation lessen the quantity of nitrifying bacteria in the biological 
DHS reactor over a long period. All along, the deterioration of biological reactor’s 
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capacity in removing NO2- attributed to NO2- removal via NO2- oxidation has been a 
concern. In this study, NO2- concentration was averagely maintained at a low level 
which was at 0.03 ± 0.13 mg N L-1. There was an increase in NO2- concentration at 
phase 3. The increase was most probably due to inadequate management of DHS 
reactor. Ozonation may also influenced the increase of NO2- concentration in the water. 
Limitation of NO2- concentration going to the DHS reactor resulted from regular 
ozonation can posed a potential risk to DHS performance. Therefore, limitation of O3 
exposure should be considered to promote the growth of nitrifying bacteria in the 
bioreactor in order for NO2- concentration in the water can be maintained at safe level. 
 
Table 12. Microbial community at class level in DHS reactor 
Phylogenetic affiliation 
Total sequence reads (%) 
Day 370 Day 550 
Archaea   
Thaumarchaeota 11 9.5 
   
Bacteria   
Alphaproteobacteria 6.7 5.3 
Anaerolineae 3.2 3.7 
Betaproteobacteria 5.8 1.9 
Chloroplast 10 19 
Cytophagia 5.5 5.8 
Deltaproteobacteria 7.6 4.4 
Gammaproteobacteria 6.7 7.6 
Nitrospira 4.2 2.0 
OM190 2.0 3.2 
Pedosphaerae 3.4 5.1 
Planctomycetia 3.9 6.0 
Saprospirae 8.4 8.8 
Others 22 17 
Total 100 100 




Figure 18. 16S rRNA gene sequence based phylogenetic tree of ammonia oxidizing 
archaea (A) and nitrite oxidizing bacteria (B) detected in DHS reactor. The sequence 
of Methanobacterium beijingense (AY552778) and Clostridium sp. (L23477) was 
used as an outgroup for (A) and (B) respectively. Percentage (%) in parentheses 
indicates the detection ratio of total sequence reads at day 370 and 550, respectively. 
 
In the USB reactor, Proteobacteria were abundantly detected. Betaproteobacteria 
were copiously detected at approximately 30% sequence reads (Table 13).  Thauera 
and Dechloromonas denitrificans belonging to the class Betaproteobacteria were 
among the related species capable of performing denitrification identified in the USB 
reactor (Figure 19). It is known that heterotrophic denitrifier Thauera are commonly 
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detected in freshwater aquaria because of low water salinity (Adlin et al., 2018, Liu et 
al., 2015) Remarkably, we discovered that Thauera was still detectable on day 370 
and 550 although a decrease was observed at day 550 compared to day 370. 
Additionally, other species that use NO3- as electron acceptors were also detected. 
Dechloromonas were reported using NO3- as an electron acceptor (Horn et al., 2005, 
Aoyagi et al., 2015) The optimal growth conditions of D. denitrificans have been 
reported to be 5-36°C and pH 6-8, corresponding to the water condition in the 
aquarium (Horn et al., 2005). Despite the water condition in the aquarium matched the 
condition for Dechloromonas to grow, a decrease of their presence in the reactor was 
observed. Generally, denitrification in USB reactor occurs in anoxic condition. The 
decrease of Dechloromonas and Thauera were most probably due to lacking to 
maintain the reactor at strict anoxic condition.  
 
The argument is justified by the detection of aerobic denitrifier, Zoogloea sp. N299 in 
the USB reactor with 100% percent identity. The USB reactor seemed to provide a 
favorable condition for Zoogloea sp. N299 growth. Beside capable of withstand higher 
DO concentration, Zoogloea sp. N299 was reported to adapt best in water with 
temperature ranging from 10 to 30 ℃, which matched the aquarium’s water condition 
(Huang et al., 2015). No significant changes in DO concentration of the aquarium’s 
water was observed in all phases. However, the abundance of Zoogloea sp. N299 in 
the USB reactor was higher at phase 1 compared to phase 2.  Similar to Thauera and 
Dechloromonas, a decrease in total sequence reads of Zoogloea sp. N299 was observed. 
Zoogloea sp. N299 decreased from 0.4% at day 370 (phase 1) where O3 was operated 
to 0.1% at day 550 (phase 2) where O3 was stopped. Further study is required to 
determine the influenced of O3 on aerobic denitrifiers in the USB reactor. Interestingly, 
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a nitrate reducing bacteria, Hydrogenophaga atypica was detected. Hydrogenophaga 
atypica is capable to reduce NO3- to NO2- however unable to perform denitrification 
(Kampfer et al., 2005). Hydrogenophaga atypica was detected at 0.1% abundance on 
sample from both day 370 and 550. The presence of this species in the USB reactor 
suggested that nitrate reducing bacteria also contributed to maintain a safe 
environment for carps to live in the aquarium. Currently, the influence of O3 on 
denitrifying bacteria in the USB reactor is inconspicuous. Nonetheless, AOA, NOB, 
and denitrifying bacteria played an adequate role in nitrogen removal to promote 
improved performance of the reactors and function at acceptable standards for 
practical purposes. 
 
Table 13. Microbial community at class level in USB reactor 
Phylogenetic affiliation 
Total sequence reads (%) 
Day 370 Day 550 
Archaea   
DSEG 13 16 
   
Bacteria   
Alphaproteobacteria 1.6 2.0 
Anaerolineae 6.0 6.6 
Bacteroidia 4.0 3.4 
Betaproteobacteria 30 26 
Deltaproteobacteria 9.1 10 
Gammaproteobacteria 8.9 4.5 
GN15 7.3 6.8 
Ignavibacteria 2.5 2.1 
Phycisphaerae 0.8 2.3 
SJA-28 2.1 0.8 
Others 15 19 
Total 100 100 




Figure 19. 16S rRNA gene sequence based phylogenetic tree of denitrifying bacteria 
detected in USB reactor. The sequence of Clostridium sp. (L23477) was used as an 
outgroup. Percentage (%) in parentheses indicates the detection ratio of total 
sequence reads at day 370 and 550, respectively. 
 
4.3.5 Effect of O3 on aquatic animals 
Removal of the “yellow substance” in aquaria is highly desirable to maintain visibility 
and aesthetic beauty of the aquarium, but the O3-related increase in toxicity often 
imposes a limitation on O3 application in aquaria. Dissolved O3 at 0.01 mg-L-1 was 
reported to be lethal for fish, although actual lethal O3 concentrations vary based on 
species and life stage (Summerfelt and Hochheimer, 1997). In the present study, 0.03 
mg L-1 of dissolved O3 was detected in the aquarium during the ozonation period but 
carps still survived, and no abnormal behavior was observed. Instead, they grew from 
3.0 kg m-3 (Phase 1) to 3.6 kg m-3 (Phase 2) during the study. The high tolerance of 
carp towards O3 toxicity might be attributable to its large body size and life stage. The 
results showed that application of O3 at low concentration for removing the “yellow 
substance” is feasible in carp aquarium. In addition, common fish disease such as 
exophthalmos (poppy eyes) was not observed. Exophthalmos were often caused by 
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stress (William,1991). This indicated that the carps were healthy and not in a stressful 
condition. Algae appeared from time to time. Although algae did not impose harmful 
effect to the fishes, it tainted the aesthetic beauty of the aquarium. O3 is also capable 
of removing algae. Unfortunately, the O3 dosage used in this study was too low for O3 
to effectively remove and inhibit algae growth. Therefore, algae were manually 




The application of O3 in the aquarium was sufficient to maintain clear water in the 
aquarium (below 10 color unit), whereas the use of the DHS-USB system could reduce 
NH3 and NO3- toxicity to aquatic animals. AOA, NOB and denitrifying bacteria were 
detected in the reactors during the ozonation phase. Deterioration of DHS-USB system 
was not observed after the application of O3. However, limitation of NO2- 
concentration going to the DHS reactor resulted from regular ozonation posed a 
potential risk in reducing beneficial bacteria which is crucial to maintain the 
performance of DHS reactor. Limitation use of O3 should be considered in the future. 
Carps survived without any water exchange for 425 days despite 0.03 mg L-1 dissolved 
O3 concentration being detected in the water. This study confirmed the efficiency of 
the ozone-DHS-USB system in simultaneously removing nitrogen compounds and in 
reducing yellow substances at on-site aquarium influenced by ambient temperature for 
long-term operation without the need for regular water exchange. The system 
eliminated the necessity for water exchange on a regular basis and has high potential 
for application as a zero-water exchange system for aquaria at ambient temperatures 
and for long-term operation. Also, Ozone-DHS-USB system is a practical and 
responsible method to maintain water quality in an aquarium, considering it reduced 
substantial amount of water used by conventional method, especially during 
backwashing to clear clogged sand filter and regular water exchange. The system is 
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predicted to bring immense benefits to the fish breeding industry since it is applicable 
even at water scarce region. Although the objective of the study was achieved, 
appearance of algae on aquarium walls often affected the beauty of the aquarium. A 
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Conclusions and recommendations for future research 
 
5.1 Conclusions 
This study developed a less maintenance system to maintain water quality in aquaria 
using a nitrification-denitrification bioreactor coupled with O3 to diminish struggle 
during maintaining the aquaria especially the needs for water exchange on regular 
basis and space issues faced by fish breeders in installing sand filter. In order to achieve 
the objectives, this research was divided into two studies. The conclusions of each 
study are as follows: 
 
In the first study, the down-flow hanging sponge (DHS) and up-flow sludge blanket 
(USB) system, a system capable of performing nitrification and denitrification 
simultaneously was developed. The system targeted to maintain NH3 and NO3- level 
in aquarium water bred with freshwater fish, Cyprinus carpio var. Koi which was 
located on site and being influenced by ambient temperature for long-term operation. 
The key findings of the study can be summarized as follows: 
 
· DHS-USB system is suitable for an on-site freshwater aquarium influenced by 
ambient temperature for long-term operation. 
· DHS-USB system had successfully maintained NH3-N, NO2--N, and NO3--N 
concentrations within the target level (NH3-N: 0.1, NO2--N: 0.1 and NO3--N: 
10 (mg N L-1) at an average of 0.01 ± 0.01 mg N L-1, 0.01 ± 0.02 mg N L-1, 
and 2.3 ± 1.6 mg N L-1 respectively over 192 days of operation. 
· Average NH3 and NO3- removal efficiency was almost 100% throughout the 
study.  
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· Fish survived without any health problem throughout the study despite limited 
water exchange (four times) was performed. 
· Limited water exchange lead to accumulation of ‘yellow substances’ in the 
water. 
 
This study did not only intend to investigate the suitability of DHS-USB system for 
freshwater aquarium and evaluate the performance of DHS-USB system in removing 
NH3- N and NO3- - N within standard levels for freshwater breeding at for long-term 
operation, but also to confirm the capability of DHS-USB system to reduce water 
exchange necessity for aquarium maintenance. The result demonstrated that DHS-
USB system had efficiently maintained the water quality within a safe level for fish in 
the aquarium and successfully reduced the needs for water exchange for aquarium 
maintenance. However, limited water exchange lead to accumulation of ‘yellow 
substances’ in the water which tainted the color of the aquarium water. As a result, 
water exchange was reluctantly performed to dilute the color of water in the aquarium 
despite low toxicity of NH3 and NO3- in the water. Additionally, this study also 
investigated about microbial communities responsible for nitrification and 
denitrification in the bioreactors. Useful AOA, NOB and denitrifying bacteria were 
detected in the bioreactor. The presence of these bacteria and archaea in the biological 
reactors has aided the removal of NH3 and NO3- in the aquarium and resulted to 
immense average removal efficiency of NH3 and NO3- in the aquarium. 
 
The second study proposed the application of O3 to reduce the ‘yellow substances’ in 
the aquarium water. In this study, O3 was introduced as a post treatment application 
for the DHS-USB system to eliminate any needs for water exchange in the aquaria. 
Ozone-DHS-USB system is demonstrated as a potential zero water exchange system 
for recirculating aquarium system. In addition, components of ‘yellow substances’ and 
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behavior of microbial structure in the bioreactors were also observed. The main 
findings of the study can be concluded as follows: 
 
· A constant O3 concentration of 70 mg O3 per hour applied continuously for 8 
h per day was sufficient to maintain the water in the aquarium clear (below 10 
color unit). 
· Water exchange had been completely eliminated since the application of O3 in 
the aquarium. 
· Carps survived without any water exchange for 425 days despite 0.03 mg L-1 
dissolved O3 concentration was detected in the water. Also, no health problem 
was observed. 
· NH3-N, NO2--N, and NO3--N concentrations were successfully maintained 
within the target level (NH3-N: 0.1, NO2--N: 0.1 and NO3--N: 10 (mg N L-1) 
over 600 days of study.  
· Humic-like substances and protein-like substances was detected in the water. 
· NOB and denitrifying bacteria were detected in the reactors during the 
ozonation phase, suggesting that the DHS-USB system was not deteriorated by 
the application of ozone. 
 
Overall, this study confirmed the ability and efficiency of the ozone-DHS-USB system 
in simultaneously removing nitrogen compounds and reducing yellow substances at 
on-site aquaria influenced by ambient temperature for long-term operation. The 
application of O3 in the system had successfully eliminated the needs for regular water 
exchange. Ozone-DHS-USB system, being able to reduce substantial water usage, 
offers high potential for application as a zero-water exchange system for aquaria. Also, 
the system is predicted to bring enormous benefits to the fish breeding industry 
considering it can even be applied at water scarce region. 
 107
 
5.2 Limitations of the research 
In this research, Ozone-DHS-USB system has successfully maintained the water 
quality and color of water in the aquarium. However, the system was unable to treat 
phosphorus in the water. Accumulation of phosphorus due to limited water exchange 
promotes the growth of algae in the aquarium. The presence of algae tainted the 
aesthetic beauty of the aquarium. Thus, required routine cleaning of aquarium glass 
every week. Regular needs to clean the aquarium due to the presence of algae initiate 
d another type of struggle in maintaining an aquarium.  
 
5.3 Recommendations for future research 
This research offer a less maintenance method to deal with aquarium maintenance. 
The Ozone-DHS-USB system has successfully reduced the struggle of exchanging 
water and eliminate space issues faced for installing the sand filter. However, there are 
still several studies left to be done in order to produce an easy maintenance aquarium 
system. Recommendations for future research are as follows: 
1. Study on phosphorus removal  
2. Appropriate planning and designing the ozone-DHS-USB system 
 
Phosphorus removal 
Study on phosphorus removal should be carried out and installation of phosphorus 
removing reactor is necessary to eliminate algae appearance at the aquarium glass.  
 
Planning and design 
Appropriate planning and designing the ozone-DHS-USB system before building the 
aquarium are important to guarantee the success of the ozone-DHS-USB system.  
The planning should include: 
· Deciding the density of fish to breed  
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· Deciding the final effluent concentration desired for the aquarium 
· Deciding the appropriate size of system to be built 
· Identifying the surrounding environmental factors that could affects the system 
and fish in the aquarium 
 
A DHS-USB reactor with size 1% from the total aquarium volume is suggested to be 
sufficient to maintain the nitrogenous components concentration within safe level for 
fish to live. A guideline to design the system for 100 L aquarium bred with 3 kg m-1 fish 
was made with DHS-USB reactor at size of 1% from the total aquarium volume. The 
design of the ozone-DHS-USB system for a 100 L aquarium is as below: 
1. The design of DHS-USB system 
 
Design of the DHS-USB system for a 100 L aquarium bred with 3 kg m -1 fish 
 
Step 1.  Determine the potential NH3 discharged per day
Honma, 1990 had reported that a fish weighted 3 kg release 1.5 mg N L-1 of NH3 per day
Therefore, the potential NH3 discharged by 0.3 kg of fish in a 100 L aquarium per day can 
be calculated as:
0.3 kg x 1.5 mg N L-1 day-1 / 3 kg 
= 0.015 mg N L-1 day-1
Step 2. Determine the size of DHS reactor
Generally, DHS reactor at size 1% from total aquarium volume is sufficient to efficiently 
remove NH3 in a 1000 L aquarium bred with 3 kg m -1 fish. Therefore, the size for DHS 
for 100 L aquarium can be calculated as:
1% x 100 L
= 1 L - sponge volume
Step 3. Determine the number of sponges required in DHS reactor
The DHS sponge has a radius of 1.5 cm and height of 3.3 cm.
Therefore, the volume,V of the DHS sponge can be calculated as:




Nevertheless, the above recommendation is applicable at best for aquarium with 
breeding density ranging from low to moderate. A high breeding density aquarium is 
presumed to require bigger size of the DHS-USB system to ensure it can maintain the 
nitrogenous components concentration within safe level for fish to live. 
 
2. Ozone 
In this study, 0.03 mg L-1 dissolved O3 concentration was detected in the water. 
Summerfelt and Hochheimer, 1997 reported that 0.01 mg L-1 dissolved O3 
concentration could pose lethal risk to fish but carps survived healthily despite water 
exchange was not performed for 425 days. Carps seemed to have higher tolerance 
towards ozone. However, it is not guaranteed that other type of fish will be similar as 
The DHS sponge has a fixed rate of 0.53. Thus, the number of sponges required for 1 L 
sponge volume DHS reactor can be calculated as:
= 0.53 x 1 L x 1000 / 23.3 cm3
= 23 DHS sponges
Step 4. Determine the flow rate, Q for DHS reactor
The HRT in this study was 0.01, therefore flow rate, Q required for DHS reactor can be 
calculated as:
Q =  V/HRT = 1 L / 0.01 h
= 100 L h-1
Step 5. Determine the size of USB reactor
Considering the size of DHS reactor for 100 L aquarium which is 1 L, the size of USB 
reactor for 100 L aquarium should be made similar. The volume of USB reactor can be 
calculated as below:
V = 0.01 x 100 L
= 1 L
Step 6. Determine the volume of sludge required to fill in USB reactor
Generally, half of the volume of the reactor is filled with sludge
Therefore, the volume,V of the sludge in the USB reactor can be calculated as:
V sludge = V reactor / 2
= 0.5 L
Step 7. Determine the flow rate, Q for USB reactor
The HRT in this study was 2.7, therefore flow rate, Q required for DHS reactor can be 
calculated as:
Q =  V/HRT = 1 L / 2.7 h
= 0.37 L h-1
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carps. It is recommended that dissolved O3 concentration in the water is maintained 
within 0.01 mg L-1. Also, increasing the time of contact may improve the performance 
of O3 in removing color. Further study on optimal dosage and exposure time for ozone 
to efficiently degrade color is also necessary. 
 
Other factors: 
It is recommended that dissolved oxygen (DO) concentration, pH, and temperature of 
the aquarium to be maintained within the range suitable for operation and fish 
survivability. DO is recommended to be maintained above 6 mg L-1. pH is 
recommended to be maintain within 7-8 and temperature at range 23-30℃. Limitation 
of sunlight reduce the appearance of algae. 
 
